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Title: Extraction of Inelastic Mechanical Properties of Metals from Indentation 
Data.  
This work presents a detailed investigation into a methodology involving iterative finite 
element method (FEM) modelling of the indentation procedure, aimed at obtaining well-
defined mechanical properties of metals solely from experimental indentation data. Relatively 
large (1–2 mm radius) spherical indenters have been used which offer a number of advantages. 
The material properties must conform to an analytical constitutive law and part of the 
challenge of this type of work is to converge efficiently on the best-fit set of values for the 
variables in this law. Comprehensive comparisons are made between outcomes of these 
procedures and properties obtained via conventional uniaxial testing. 
It is demonstrated that it is possible to extract the stress-strain behaviour of metals that 
compare well with the macroscopically measured properties using an instrumented 
indentation load-displacement plot, as long as the penetration ratio, δ/R, is approximately 40 
%. The required penetration ratio to converge on the residual indent profile is much smaller 
which has significant benefits. Both of these approaches are applied to a coating system 
consisting of a sprayed superalloy overlayer (~2.5 mm thick) on a single crystal superalloy 
substrate (2.5 mm thick), in as-received and annealed conditions. 
Time-dependent creep properties were also investigated using recess instrumented 
indentation. This technique uses a pre-machined spherical cap recess with the same radius as 
the indenter to ensure that the stresses during indentation do not exceed the yield stress. 
Indentation inferred properties compared well with those obtained from macroscopic 
(compression) uniaxial tests. 
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Roman Symbols           
A - Constant 
a MPa Rate of Recovery 
AC m
2 Area of contact 
AP m
2 Projected Area of Contact 
B - Constant 
C MPa-n s-(m+1) Miller-Norton Multiplier 
c - Geometrical constant, depending on indenter shape 
Ct μm N
-1 Total Compliance 
Cf μm N
-1 Frame Compliance 
Cs μm N
-1 Specimen Compliance 
D mm Diameter of Indenter 
d mm Chordal diameter of a spherical indent.  
E GPa Young’s Modulus 
H kgf mm-2 Hardness 
HV kgf mm
-2 Vickers Hardness 
K MPa Work-Hardening Coefficient 
L - Total number of Strain Increments 
M - Total Number of Volume Elements 
m - Miller-Norton Time Exponent 
n - Steady-State Creep Exponent 
np - Work Hardening Exponent 
N - Number of Data Points 
P N Indentation Load 
p MPa Indentation Pressure 




R mm Radius of indenter 
Rgas J mol
-1 K-1 Universal Gas Constant – 8.314 
Sred - Reduced Sum of Squares 
Sresiduals μm or N Sum-of-squares of Residuals 
T K Temperature 
TH - Homologous Temperature 
TM K Melting Temperature  
t seconds Time 
V m3 Volume 
w MPa Rate of Work Hardening 
W J Work  
 
Greek Symbols           
α - Constant 
β - Constant 
γ - Constant 
δ μm Displacement 
δC μm Contact Displacement 
δS μm Displacement of surface at contact edge  
ε - Strain 
ε ̇ s-1 Strain Rate 
ζ - Constant 
μ - Friction Coefficient 
ν - Poisson’s Ratio 
σ MPa Stress  











GB Grain Boundary 
i Indenter 
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Indentation is widely used in materials science to investigate the properties of bulk 
materials and coatings. As a technique, it is simple, requiring only a small amount of 
material and very little metallographic preparation. This is in contrast to conventional 
uniaxial testing that requires a reasonably large sample and a means for machining the 
sample to appropriate dimensions. Also in contrast to uniaxial testing, indentation can 
be used to map point-to-point properties of a material and to investigate the 
mechanical properties of coating systems. 
The hardness of materials is widely used as a measure of mechanical properties. 
Although it is not a well-defined material property and represents a complex 
combination of the yielding and work hardening, many different hardness tests have 
been developed, involving different indenter shapes. These are used in research to 
investigate the plastic properties of materials and in industry for quality control 
purposes. 
With the advent of instrumented indentation where the displacement and load are 
measured as a function of time, the elastic modulus of materials can be measured by 
indentation.  The hardness and elastic modulus are two properties that are frequently 
reported from instrumented indentation investigations [1-4].  
Chapter 1 - Introduction 
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1.2 Research aims 
Despite the amount of work done in the field of indentation, identifying hardness 
and elastic modulus of a wide range of materials, there is still no accepted method for 
extracting plasticity or creep parameters from indentation data. Whilst various 
methodologies for both types of property have been proposed, often they involve 
crude assumptions or include ‘constant’ values that are unique to the particular 
material that the author has investigated. The aim of this work is therefore to develop 
methods to reliably extract these properties using finite element modelling, covering 
the entire range of metallic systems.  
1.3 Document overview  
Chapter 2 reviews developments in indentation methods. This examines advances 
in experimental setups and different approaches to analyse the indentation response, 
in terms of the elastic and plastic properties of materials.  
Chapter 3 reviews the creep properties of materials and the methods that have 
been widely used to attempt to extract creep properties from indentation data.  
Chapter 4 presents experimental and computational methods used in this work. 
This describes the methods for uniaxial and indentation testing as well as the 
construction of a finite element model for indentation and implementation of an 
optimisation algorithm.  
Chapter 5 presents a comparison between predictions of stress-strain properties of 
metals predicted from indentation load-displacement data and those obtained from 
macroscopic uniaxial stress-strain tests. A sensitivity study on load-displacement data 
is presented illustrating that for reasonable sensitivity to plasticity properties, it is 
necessary to have a penetration ratio of ~40 %.  
Chapter 6 presents a comparison between predictions of stress-strain properties of 
metals predicted from residual indent profiles, and those obtained from macroscopic 
Chapter 1 - Introduction 
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uniaxial stress-strain tests. An investigation of the benefits of using the residual indent 
profile is shown, illustrating that in this case it is not necessary to have a penetration 
ratio as large as when using load-displacement data.  
Chapter 7 presents an application of the method developed in the previous two 
chapters to a novel coating system.  
Chapter 8 demonstrates a novel method for extraction of creep properties from 
indentation data, using a ‘recess-indentation test,’ coupled with a finite element model 
and optimisation procedure.  




Chapter 2  
 
Instrumented Indentation  
Instrumented indentation is the process of applying a load to a hard tip to push it 
into the surface of a material, while monitoring the displacement and force as a 
function of time. There has been a drive in recent years for indentation to be 
performed on finer scales. Nanoindentation has become a widely used technique to 
investigate fine scale mechanical properties. This chapter summarises the advances 
made, the issues when performing indents on such a fine scale and discusses various 
approaches for obtaining stress-strain properties from indentation data.  
2.1 Hardness Testing 
One of the first attempts to quantify the hardness of materials was Mohs scale of 
mineral hardness [5]. This used a simple qualitative scale, arranging ten minerals in 
order of hardness such that each mineral would scratch the one on the scale below it, 
but not the one above.  
Hardness is a measure of a materials resistance to plastic deformation. It is defined 






  (1) 
The size of the contact area is typically calculated by optical measurement of the 
residual indent, such that elastic deformation is ignored, and using the geometry of 
the indenter to find the projected area.  
Chapter 2 - Instrumented Indentation 
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As permanent impressions are left in the material, plastic deformation must have 
taken place. Both tensile and compressive stresses exist below the indenter, while the 
maximum shear stress, needed to cause dislocation glide and deformation twinning, 
occurs at approximately 45° to the loading axis. Once this shear stress reaches a 
critical value, dislocations will propagate on the slip planes closest to this maximum 
shear stress, and into the material. If the material has a low dislocation density, such 
as those that have been annealed, the dislocation can glide without being impeded 
into the material. This leads to sink-in at the indenter periphery. If the material is fully 
work hardened, dislocation mobility will be greatly reduced, and cross slip will occur 
on slip planes. This means the dislocation will move towards the surface, resulting in 
material piling up around the indenter. Both of these processes will produce a change 
in the true contact area calculated from geometrical relations, leading to variations in 
the hardness number.  
 With the advent of instrumented indentation, it is not necessary to measure the 
indent impression after testing. The hardness can be calculated using the indenter 
displacement, which can be measured throughout the test, and the appropriate 
geometrical relation. This value will include some elastic deformation of the sample, 
and requires the compliance of the system to be calibrated, as discussed in §2.2.1.  
2.1.1 Types of Hardness Test 
There are several different variants of a hardness test, summarised in Table 2.1. 
These all uses different shapes of indenter, and produce different hardness values. The 
Vickers [6] is the most popular indenter shape for large scale tests, while the 
Berkovich is used widely in fine scale indentation. This is simply because it is much 
easier to produce a three sided pyramidal indenter that comes to a sharp point than a 
four-sided pyramid.  




Vickers Square based pyramid, angle of 136° 
between opposite faces (half-angle 68°) 
Brinell 10 mm diameter steel ball (WC ball can 
be used for harder materials) 
Knoop Extended 4-sided pyramid, length to 
width ratio 7:1 
Berkovich Three sided pyramid, half-angle 65.27° 
Cone Various half-angles, and tip radius.  
Table 2.1 A summary different indenter types and their shapes. 
The Vickers indenter has become widely used, as its residual imprint has four 
relatively sharp edges that the user has to measure using an optical microscope. 
Spherical tips have the issue that pile-up or sink-in can significantly affect where the 
user may determine the appropriate height (or focus) for the hardness to be measured. 
This can lead to large variations from user to user.  
Conversion tables are available for converting particular hardness values into 
hardness values obtained with different indenters.  In reality, these are very 
approximate and often simply determined by comparing the values obtained 
experimentally with different indenter types.  As the hardness value varies with the 
type of indenter used, it is clear that it is not a particularly well defined property. 
Indeed, if the material being tested has appreciable work hardening then the hardness 
will also depend on the applied load. For this reason, strictly the load should be 
specified whenever a hardness value is quoted.  
Chapter 2 - Instrumented Indentation 
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2.1.2 Yield Stress from Hardness Data 
The stress acting on the contact area, is obtained by multiplying the hardness by 
standard gravity, 9.81 m s-2. If it is assumed that a material shows no work hardening, 
then the hardness should be proportional to the yield stress. Knowledge of the shape 
of the indenter used allows a proportionality constant to be estimated, often termed 
the ‘constraint’ factor. The increase in resistance to plastic flow, under indentation 
conditions, arises because the plastic zone underneath the indenter is confined within 
a larger volume of material that is elastic or rigid. This constraint factor is typically 
found by comparing hardness tests at different depths with uniaxial stress-strain 
datasets, or from data generated from finite element simulations [7]. 





   (2) 
Johnson [8] extended this constraint factor for spherical indentation and suggested 
that it could be divided into three distinct regimes. First the elastic regime, followed 
by the elastic-plastic transition and the fully plastic regime. He identified different 
constraint factors in each of these regimes that became constant (with a value of 
approximately 3) on entering the fully plastic regime. While it is common practice to 
modify the indentation pressure by this factor of 3 to find the flow stress [9, 10], it is 
widely accepted that there is a range which the value can take. It has been reported 
that the constraint factor is not really a constant but dependent on various material 
properties [11]. Of course, if the material properties are required to know the 
constraint factor, it is clear that the concept is of very little use.  
This is discussed in more detail in §2.3.1.1, which addresses attempts to extend this 
relationship to materials which display appreciable work hardening.  
2.2 Issues in Instrumented Indentation 
This section discusses several issues that relate to obtaining reliable load-
displacement data. These have become very well understood over recent years, and are 
Chapter 2 - Instrumented Indentation 
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now carried out routinely, often within indenter software control packages. As 
indentation techniques have been applied on finer scales some of these calibrations, 
such as machine compliance, have become very important.  
2.2.1 Machine Compliance  
The compliance during indentation, due to the elastic deformation of the loading-
frame and any mount that the sample is in, must be subtracted from the raw 
displacement to give the true displacement of the indenter into the sample. In many 
nanoindentation systems, this is done using the Oliver and Pharr method [12]. The 
method was later refined [13], but it is mathematically more intensive and typically not 
implemented in commercial nanoindentation systems. Some of the key features of a 
load-displacement curve for application of the original Oliver and Pharr method are 
shown in Figure 2.1.  
 
Figure 2.1 Schematic load-displacement plot for application of the Oliver and Pharr method for 
calculation of machine compliance. The important quantities are the maximum indentation load, Pmax, 
the peak indentation depth, δmax, the final depth of the impression after unloading, δf, and the initial 
unloading stiffness, S.  
Chapter 2 - Instrumented Indentation 
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The contact stiffness, S, is found from the initial gradient of the unloading curve 
and related to the total compliance with Ct = 1/S. Other features of note are the 
maximum depth, δmax, the maximum load, Pmax, and the residual depth, δf.  
 The Oliver and Pharr method models the load frame and specimen as two springs 
in series 
t S fC C C   (3) 
Pharr et al. [14] extended the analysis of Sneddon [15] to relate the contact 








   (4) 




(1 ) (1 )1 v v
E E E
 
   (5) 
It should be noted that, once the compliance of the system is known and removed 
from the load-displacement plot, assuming the elastic modulus of the indenter, and 
the Poisson's ratio of the indenter and specimen are known, equations (4) and (5)  can 
be used to calculate the Young’s modulus of the specimen.  









   (6) 
Thus, a plot of the total compliance against Ap
-1/2 is linear for a given material, with 
the intercept equal to the frame compliance. For large indentations in soft materials, 
such as aluminium, it is assumed that the area function of the indenter gives an 
accurate value of the true area, neglecting any pile-up or sink-in. These provide the 
first estimate of the frame compliance and reduced modulus. Using these values, 
contact areas can be calculated for shallower indentations by rewriting Equation (6) 













This allows an initial guess at the true area function to be made, by fitting the 
values obtained to the following relationship 
2 1 1 2 1 4 1 128
P C C 1 C 2 C 3 C 8 C( ) 24.5 ...A B B B B            (8) 
Where B1–B8 are constants. The first term is the area function of a perfect 
Berkovich, while the other terms account for rounding of the tip, which is important 
at shallow depths. As the exact area function influences the values of frame 
compliance and reduced modulus, the calculations are repeated with the new area 
function, and iterated until convergence is achieved. This should produce a linear plot 
of (Ct-Cf) against A
-1/2, passing through the origin, as shown in Figure 2.2. 
 
Figure 2.2 A plot of (Ct-Cf) vs A
-1/2
 for aluminium, with error bars two standard deviations in length. 
Reproduced from Oliver and Pharr [12].  
It must be noted that δc, that defines the area function, is not an experimentally 
measured value, but calculated assuming that the material sinks in immediately 
adjacent to the indenter and by a depth δs. These two values are shown in Figure 2.3, 
adapted from Oliver and Pharr [12]. 
t 




Figure 2.3 A schematic representation of a section through an indentation, showing important 
quantities for this analysis. Adapted from Oliver and Pharr [12].  






   (9) 
Where c is a geometric constant that is a function of the indenter geometry, which 
is found from the results of Sneddon [15] to be c = 0.72 for a conical indenter and 
c = 0.75 for a parabola of revolution. Pharr et al. [16] later reported that this value 
varies slightly with the mechanical properties of the material being used to calculate 
the compliance, introducing some error into the calculation. Another study using 
finite element modelling of indentation from Bolshakov et al. [17] showed that when 
pile-up is significant, the areas calculated from analyses of the load-displacement 
curve can underestimate the true contact areas by 60%. This could introduce 
significant error in the calculation of the frame compliance, depending on the 
mechanical properties of the sample used for the calibration.  
In view of some of these issues, other methods have been proposed that are much 
more similar to compliance testing in conventional mechanical testing systems. For 
example, Vliet et al. [18] used a large flat platen and loaded it against the stage-
mounted sample. Between the platen and sample, a very thin layer of cyanoacrylate 
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(or similar thermoplastic adhesive) was used to ensure that asperities and air gaps did 
not contribute to the measured response, and that the platen displaced normal to the 
sample surface. This method avoids any assumptions about, or errors introduced by, 
the mechanical properties of the specimen. It does however require the user to 
accurately determine the thickness of the thermoplastic. 
2.2.2 Thermal Drift 
Thermal drift is a time-dependent error in the displacement measurement, due to 
thermal contraction or expansion occurring in the system. It is a particular problem in 
nano-or micro-indentation systems where the scale of potential thermal expansion is 
of a similar order to the depth measurements.  
To ensure that the recorded displacement values are correct this error must be 
minimised and corrected before analysing data. Various methods for minimising the 
thermal drift are discussed by Wheeler et al. [19], who also note that the maximum 
temperature of nanoindentation experiments has been rising over the past 20 years. 
There are now reports of thermally stable indents being carried out in vacuum at 
950 °C [20, 21] such that the mechanical properties of materials can be probed at 
temperatures they operate at in service.  
Two major factors cause thermal drift in the displacement measurement. The first 
factor is matching the indenter and sample temperature. If these temperatures are not 
matched, this can lead to contact drift, due to thermal expansion or contraction 
around the indenter-specimen contact. Even for measurements at room temperature, 
Moharrami and Bull [22] placed the samples in the nanoindentation chamber to 
stabilise the temperature of the sample with the surroundings. For measurements 
carried out at raised temperature, the indenter can be heated passively by leaving it in 
contact with the tip for a long period to allow the temperature to stabilise. In this case, 
the indenter will never completely reach the same temperature as the sample, and 
therefore commercial systems now utilise separate heaters on the indenter and 
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sample. This allows matching of the two temperatures, until the drift rate is 
minimised.  
The second factor that has to be minimised is frame drift, which is thermal drift 
due to temperature fluctuations within the frame of the indenter, away from the 
contact. For room temperature indents, this is usually overcome by using a cabinet or 
chamber. At raised temperatures, a stabilisation period is required to minimise the 
thermal gradients generated by the heaters on both the indenter and sample. The 
length of this period can vary depending on various factors of the indentation system, 
such as the thermal conductivity of components, the size of the system and whether 
there is any cooling.  
Even with suitable temperature matching of the indenter and specimen, and a hold 
period before the indentation test to allow the system temperature to stabilise, there 
will still be some thermal drift that must be removed from the raw data. This 
correction is typically done by imposing a ‘thermal-drift’ hold period, where the rate of 
displacement during this hold is assumed to be entirely due to thermal drift. This 
thermal drift hold period is typically applied at 5–10 % of the maximum load during 
the unloading step. However, some systems have this hold period at the start of the 
indentation, with a very low load applied to the indenter to bring it into contact with 
the specimen, and the displacement recorded as a function of time.  The drift rate 
recorded during the thermal drift hold period is assumed to be linear over the whole 
indentation, allowing a correction to be applied.  
2.2.3 Surface Roughness 
As the indenter tip penetrates the surface of the material, the surface condition can 
have a significant effect on the indentation response. This is especially apparent when 
indents are carried out on a very fine scale, of the order of a few microns or less, which 
could be comparable to the surface roughness.  
Pathak et al. [23] observed large scatter in measured indentation hardness values 
when mechanical polishing was used in indents carried out over a few hundred 
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nanometres with spherical tips of radii 1 and 13.5 μm. This was explained as the 
material having high dislocation content at the surface due to the preparation, which 
although did not change the modulus, it did cause an increase in the apparent 
hardness.  
Langitan and Lawn [24] found that for brittle materials, the resulting flaw size 
from mechanical preparation methods was approximately half the nominal grit size. 
Fischer-Cripps [25] postulated that extending this to allow for the greater size of the 
plastic zone in ductile materials, it is reasonable to assume that the polishing 
procedure affects the surface of the specimen to a depth approximately the same size 
as the nominal grit size. Clearly, if this is the case, for indents carried out on the scale 
of a few microns the surface must be prepared very carefully, often with colloidal silica 
or electropolishing [26]. This is especially true for materials that show significant work 
hardening. For coarser scale indentations, where the penetrations reach many tens of 
microns, the surface preparation is not as critical.  
2.2.4 Surface Oxide Layers 
Indentation is typically used to investigate the bulk properties, or single crystal 
properties, of a material. Thus, any surface oxide layer that interferes with this 
measurement, must be avoided if at all possible. For this reason, tests at high 
temperature are carried out under vacuum to prevent oxidation [19]. This also has the 
added benefit that oxidation of the indenter tip is also avoided [27].  
Even in ambient conditions, it is possible for indents that are performed on a very 
fine scale to be affected by oxide layers on engineering metals. Pethica et al. [28] 
investigated the variation of hardness with indentation depth in nickel and found an 
extreme hardness increase at very shallow depths. They observed that around 5 nm 
there was a sudden increase in depth, for a very small increment of load, which was 
attributed to the indenter breaking the surface layer. The authors note that once this 
layer has been broken, it did not appear to have any effect on the measured hardness.  




When determination of the bulk properties of a material is required, it is important 
to ensure than an indent straddles several grains in order to achieve a bulk response. If 
only a single grain is indented, the single crystal properties (which can be highly 
anisotropic, both elastically and plastically) of that orientation will determine the 
indentation response. For a series of indentations carried out in single grains, or only 
in a few grains, significant scatter is observed [29].  
Many investigations have utilised nanoindentation to probe the properties of 
single crystals [30-32], and in this regard it is a very useful technique. However, it 
must be recognised that to produce a bulk response, in most engineering materials 
that have a grain size of a few tens of microns, nanoindentation systems are not 
appropriate. These systems typically have maximum load capabilities of less than one 
Newton, and are unlikely to be about to provide the necessary force to penetrate a 
reasonably sized indenter to an appropriate depth. This limitation led Leitner et al. 
[33] to only study materials such as nanocrystalline nickel and ultrafine-grained 
copper, with grain size from ~30 nm to ~1 μm.  This is a significant limitation of 
performing indentation on such a fine scale.  
2.2.6 Effect of Friction  
Several authors [34-38] have reported that friction can have a significant effect on 
the result of an indentation experiment. Insights into the effect that friction can have 
on load-displacement plots, the residual indent profile, or strain fields beneath the 
indenter, are typically gleaned from finite element modelling.  
Karthik et al. [39] carried out a thorough investigation of the effect of friction on 
both the load-displacement and residual indent profile data. For the residual indent 
profile, increasing the friction coefficient will act to reduce the amount of pile-up 
around the indenter. For the load-displacement plot friction has no discernible effect 
up until a penetration ratio of ~15 %. After this point, as the friction coefficient is 
increased, the material appears ‘harder’ corresponding to some energy going into 
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frictional sliding. In their work, a set of three steels were used in an attempt to cover a 
range of materials, although they all show relatively large work hardening rates. The 
authors concluded that a value in the range 0.3–0.6 is most appropriate, and any 
friction value in this range produces very similar results. 
Taljat [40] demonstrated using finite element modelling that to study the effect of 
friction during indentation, materials with a low work hardening rate should be used. 
Their simulations revealed that materials that do not work harden will show much 
greater pile-up than those that show a significant increase in the flow stress. This 
means for these materials, as material will pile-up around the indenter, it is much 
more sensitive to the friction coefficient. Indeed, some of the calculations presented 
for a very high work hardening material show no difference in the pile-up around a 
spherical indenter for frictionless sliding and no sliding. The authors attribute this 
effect to the fact that for strongly hardening materials there is no tendency to pile-up, 
as localised hardening near the indenter-specimen contact periphery means plasticity 
is impeded near the surface, which drives the plastic zone into the material rather 
than radially outwards.  
2.2.7 Scale of Indentation 
The indentation size effect, where the hardness is observed to increase at shallow 
depths, is observed for indentations carried out on a very fine scale [41-45]. Bull [46] 
noted that it is possible for size effects to be incorrectly attributed to polishing damage 
or surface layers, such as oxides. However, even in the absence of such effects, the 
indentation size effect is seen in both metals and ceramics, at sufficiently low loads. 
There are several theories for the origin of these effects [47, 48], but for the purposes 
here it is important to note that size effects are only typically relevant on the 
nanometre scale, or possibly a few micrometres, and can be avoided with larger scale 
indentation.  
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2.3 Stress-Strain Properties from Indentation data 
As discussed in §2.2.1, elastic properties are readily extracted from load-
displacement data using the method of Oliver and Pharr [12]. There has been 
increasing focus over the past decade or two on obtaining (true) stress-strain curves 
(well beyond the elastic limit) from outcomes of instrumented indentation 
experiments. Since these stress-strain curves are regarded as prime indicators of the 
plasticity characteristics of a material and indentation is a much more versatile and 
convenient procedure than conventional uniaxial testing, this quest has a strong 
motivation. The primary focus for most published work has been on the load-
displacement curve, probably due to the ease of acquiring such data, although some 
work also examines the residual indent profile. The approaches to extract stress-strain 
data fall into two main categories. The first is to identify analytical formulations that 
can be applied to the experimental data, while the alternative is to use FE modelling to 
establish the stress-strain curve most closely consistent with measured indentation 
outcomes. 
 Analytical Approaches 2.3.1.1
An analytical procedure has obvious attractions since such a formulation, even if 
involving relatively complex expressions and algorithms, would allow rapid extraction 
of the stress-strain curves via a well-defined path. Unfortunately, the stress and strain 
fields beneath an indenter, even one with a simple shape such as a sphere, are complex 
and change with penetration depth, making it very difficult to identify realistic 
analytical relationships. The prospects for this approach, certainly in terms of having a 
robust procedure that is applicable to a wide range of materials, are not promising. 
Many of the analytical approaches revolve around defining some kind of 
‘representative strain’ underneath the indenter. This concept was first introduced by 
Tabor [10], and continues to be used in various guises to this day. The correlation of 
hardness with yield stress for a material that is fully work hardened was discussed in 
§2.1.2. The stress-field underneath an indenter for a material that has a yield stress of 
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280 MPa and no work-hardening, sometimes termed ‘perfect plastic’ is shown in 
Figure 2.4a. It can be seen that the plastic zone is all at a von-Mises stress of 280 MPa, 
which falls to zero across the elastic region. The plastic strain field in contrast, in 
Figure 2.4b, varies from values above 100 % directly under the indenter tip gradually 
to zero on moving further away from the indentation. Thus, the assumption that in 
the absence of work hardening the stress takes a representative value, at the yield 
stress, appears reasonable. However, it is clear that the strain does not have a 
representative value.  
 
Figure 2.4 Finite element simulations of spherical indentation a for a ‘perfect-plastic’ material with a 
yield stress of 280 MPa showing (a) von-Mises stress field and (b) von-Mises equivalent strain field.  
 Tabor realised that many materials of practical interest are not fully work 
hardened. Without knowing whether a material is fully work-hardened, the 
approximate relationship between hardness and yield stress of a fully work-hardened 
material is practically of very little value. Figure 2.5 displays the stress and strain fields 
below a material that shows appreciable work hardening, with a yield stress of 
50 MPa. In contrast to Figure 2.4, both the stress and strain fields in this case vary 
greatly with position, the stress falling from above 400 MPa to below the yield stress 
over a relatively significant distance away from the indenter.  
(a) (b) 




Figure 2.5 Finite element simulations of spherical indentation a for a material with significant work 
hardening showing (a) von-Mises stress field and (b) von-Mises equivalent strain. 
 To circumvent this issue, Tabor attempted to define a representative strain 
beneath the indenter in terms of a linear function of d/D where d is the chordal 
diameter of a spherical indent, while D is the diameter of the indenter.  
Tabor suggested that stress-strain behaviour, including both elastic and plastic, of 
a material is described by 
P
Y
n    (10) 
Tabor recognised that the plastic strains beneath the indenter would not be 
uniform, and the strain at any point under the indenter the strain would increase with 
depth. In an article published later [49], Tabor writes that they ‘guessed’ that the 
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Where A is a constant, such that  
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It was assumed that the constant A would take a value of 20 %, although there is 
no fundamental reason for this to take any value. Tabor commented that for two cases 
examined and compared with compression tests that this value worked ‘surprisingly’ 
well. These comparisons are shown in Figure 2.6, along with a schematic of the 
chordal diameter of the indent. It should be noted that in these cases, a constraint 
factor of 2.8 is used, but there is no explanation as to why this value is selected. 
Furthermore, there is no discussion on exactly how the chordal dimension is 
measured, which can be difficult to determine exactly using optical methods due to 
pile-up and sink-in during spherical indentation.  




Figure 2.6 Indentation hardness with spherical indenters plotted as a function of the shape parameter 
d/D for A. Mild steel and B. annealed copper. Experimental hardness values shown as circles and 
crosses. The smooth curves are the stress-strain curves in uniaxial compression where the yield stress 
has been multiplied by 2.8, reproduced from Tabor [10].  
This work has been the basis from which most analytical attempts to solve this 
problem have evolved. There have been any number of attempts [4, 50-58] to quantify 
a ‘representative strain’ that could be used across all materials, for different indenter 
shapes. These investigations range from simply finding scaling factors to correlate 
indentation with uniaxial testing for specific materials, or generating a large database 
of results from finite element modelling and calculating a representative strain that is 
most appropriate over the entire dataset. Deficiencies in the predictive capabilities of 
any given representative strain value are rarely attributed to the fact that the strain 
beneath the indenter varies with position. Rather, experimental variation, tip 
imperfections or changes in contact area due to pile-up or sink in which have not been 
accounted for, are quoted as the issues [59].  
One example of the transient nature of these definitions comes from Cao et al. [60] 
whose work in 2004 suggested a second order polynomial definition of the 
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representative strain, based on a set of finite element simulations. Three years later, 
Cao et al. [61] suggested four different representative strains and examined the 
benefits of each definition using simulations. The authors discuss the relevant 
experimental uncertainties, such as surface roughness and machine compliance, but 
present no experimental data. The article is concluded by noting that experimental 
verification of the proposed methods are ‘underway and will be reported in the future.’ 
At the time of writing, this verification is yet to be forthcoming.   
Lee et al. [62] investigated the deficiencies of the representative strain definition, 
using a large database generated from finite element simulations. They found that that 
the representative strain should be a function of the material properties and that the 
average plastic strain decreases with an increased work hardening rate, as may well be 
expected. This led to the natural conclusion that if the material properties were 
required to know the representative strain, it was not possible to predict the material 
properties using the representative strain.   
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 Inverse Finite Element Modelling 2.3.1.2
Iterative finite element simulation of the indentation process has been widely used 
to try and extract bulk mechanical properties. A number of publications [29, 63-66] 
have pursued this goal, and covered issues that need to be taken into account in order 
for the approach to be viable. These have typically focused on plasticity parameters 
but the same approach has also been applied to other types of parameter including 
creep [67], superelasticity [68], strain rate effects [37] and residual stresses [69].  
A point worthy of note when using finite element modelling concerns the 
possibility of asymmetry between (uniaxial) stress-strain curves obtained in tension 
and in compression, as both exist beneath any given indentation. Any difference 
between the two is in principle indicative of a dependence of yielding (and subsequent 
progression of plastic straining) on the hydrostatic component of the stress state. In 
general, while differences are sometimes observed, they are normally due only to 
experimental difficulties typically associated with barrelling (compression) or necking 
(tension). Genuine asymmetry is very rarely observed, at least for metals. This is 
consistent with the incompressibility of metals, the nature of metallic bonding and the 
main mechanisms of plastic deformation. The shear stress needed to cause dislocation 
glide (and also deformation twinning, which is significant in some cases) is effectively 
independent of the hydrostatic stress. Therefore the uniaxial stress-strain relationship 
is expected to apply under any stress state, provided attention is focused on the 
deviatoric (von Mises) stresses and strains. This is implicit in virtually all FEM 
modelling of metal deformation.  
A common issue cited in extraction of stress-strain properties from load-
displacement data with iterative finite element modelling is that of uniqueness [66, 
70-73]. This is where a drop in yield stress can be compensated for by an increase in 
the work hardening rate, or vice versa. This effect can produce a pair of load-
displacement curves that are indistinguishable.  
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Dean et al. [66] used a shallow penetration ratio of δ/R ~5 %, and split the load-
displacement curve into two sections called ‘partitioning.’ The authors present two 
possible inferred parameter sets which are broadly in line with uniaxial testing, but are 
relatively different from each other.  The goodness of fit parameter used to compare 
the model with experiment is very similar in each inferred parameter set, meaning 
they cannot be distinguished between, amounting to the authors being unable to find 
a unique solution.  
Moussa et al. [58] used iterative finite element modelling, and spherical 
indentation to depths of δ/R = 20 %, to attempt to extract the stress-strain properties 
of the steel alloy they studied. The authors find that they cannot find a unique answer, 
and instead propose confidence intervals around the indentation inferred parameter 
set. In fact, the agreement between their inferred set and macroscopically measured 
stress-strain curve is good, above a strain of 5 %, but their yield stress is ~80 MPa too 
low. Experimental imprecision and material heterogeneity are cited as reasons for the 
poor agreement.  
Lee et al. [62] confirmed the findings of Moussa et al. [58] for load-displacement 
data up to δ/R ~20 %, that two very different sets of plasticity parameters could 
produce the exact same load-displacement curve, using a spherical indenter. The 
authors suggested that a deeper penetration ratio would aid in finding a unique 
answer, and their comparisons are reasonable. However, the inverse algorithm used is 
tremendously complex, using equations that are not justified in the text.  
Some authors have suggested that the residual indent profile may be able to help 
alleviate the uniqueness issue [73, 74], although the vast majority of work focuses 
exclusively on load-displacement data.  Moy et al. [75] included the pile-up height of 
the profile, as well as load-displacement data, in their inverse procedure. The 
agreement using the pile-up height and load-displacement is clearly improved, but 
still not very good. A very small indenter tip is also used, 5 μm radius, and no grain 
structure is presented. For the aluminium alloys investigated it seems likely that the 
indentation may not have produced a bulk response.  
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Meng et al. [76] disposed completely of load-displacement data, and concentrated 
on residual indent profiles. They found that their method could produce the same set 
of stress-strain properties from multiple different start points. However, the authors 
focus on the behaviour of their algorithm and there is no comparison with uniaxial 
stress-strain properties. Thus, although the algorithm may perform efficiently, it is 
impossible to say whether it correctly predicts the material properties. 
In summary, although there has been a significant amount of work in this area, 
there is no theory that has been widely accepted as being correct. A lot of work has 
focused on load-displacement data, and there is a need to look more closely at the 
residual indent profile. Some authors report good results when using iterative FE, 
when compared with macroscopic data. However, these are often the result of an 
algorithm that is so complex that they are almost impossible for anyone else to 
implement. They often also only have results from a limited set of materials. There is a 
requirement for a transparent, and straightforward, method that can predict stress-
strain characteristics from indentation data. This is the focus of the current work.  
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Creep Properties in Indentation 
3.1 Fundamentals of Creep 
When a material is subjected to a stress that is above its yield stress, σY, it will 
plastically deform almost instantaneously. If the applied stress is below the yield stress 
the material will show an instantaneous elastic deformation. In addition to this, as 
long as the temperature is sufficiently high, the material will show appreciable time-
dependent deformation, a phenomenon called creep. Thus, creep is a time-dependent 
progressive deformation that takes place below the yield stress.  
As operating temperatures in many industrial applications increase, creep has 
increasingly become an issue. Creep is a diffusion-controlled process which is why the 
temperature is important. The homologous temperature, defined as absolute 
temperature divided by the absolute melting temperature of the material, is a good 
indicator of whether a material is likely to creep appreciably. For pure metals, the 
homologous temperature must be above 0.3 TM [77] for significant creep deformation 
to be seen, although the stress level is also significant.  
3.2  Conventional Creep Testing 
Conventional creep testing is typically carried out under uniaxial loading 
conditions (in either tension or compression) at constant load. Although there is a 
change in cross-sectional area as the deformation proceeds and therefore in the stress, 
provided the strain remains relatively small, the change in stress is small enough to be 
neglected. It is also possible to perform constant displacement, stress-relaxation tests, 
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but these are less common due to the more demanding feedback control required to 
carry out this type of experiment.  
A typical set of creep curves, performed at different stresses and constant 
temperature, is shown in Figure 3.1.  
 
Figure 3.1 Schematic illustration of a set of creep curves for four different stresses performed at 
constant temperature, where σ1 > σ2 > σ3 > σ4. 
It is often assumed there are three distinct parts to a creep curve: 
1. Instantaneous elastic strain: elastic strain that occurs on application of 
the load. This is a function of the temperature and stress applied to the 
material and will be recovered when the load is removed.  
2. Primary Creep: in this region, the strain is a function of stress, temperature 
and time. The initial rate is very high and decreases with time, before 
reaching a constant value. This region is much shorter than the secondary 
creep region, but due to the high strain rate that occurs, large strains can 
still occur in the primary region.  
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3. Secondary (steady-state) creep: the strain rate reaches a constant value, 
which is determined by stress and temperature. Typically this is the region 
that is of greatest interest during creep deformation, as it operates for long 
periods of time and thus incurs large creep strains.  
For tests performed in tension, there may also be a fourth stage, the tertiary creep 
regime. This is where the sample begins to neck due to a random perturbation along 
the gauge length which results in a slightly smaller cross-sectional area. This leads to 
the stress being slightly higher in that region, promoting further strain that in turn 
reduces the area further and accelerates the effect. This will eventually lead to failure 
of the specimen.  
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3.2.1 Calculation of Creep Exponent, n 
The creep exponent, n, is calculated from the steady-state region of the creep 
curve. At constant temperature, it is often assumed that it obeys a power law 
relationship 
nA   (14) 
Thus, to calculate n, a series of tests are conducted at constant temperature for various 
stress levels below the yield stress, as shown in Figure 3.1. A plot of ln ε̇ss vs ln σ should 
produce a straight line, with a gradient equal to n. A typical plot may demonstrate that 
n is not constant over the whole stress range, but that it can have two values, shown in 
Figure 3.2. These different exponents indicate a change in creep mechanism, as 
discussed in §3.2.4.  
 
Figure 3.2 Calculation of the creep exponent over a range of stresses, showing a change of steady-state 
creep exponent, which indicates a change of mechanism. 
3.2.2 Calculation of Activation Energy, Q 
All of the creep mechanisms, discussed in §3.2.4, are dependent on diffusion. 
Therefore the creep rate has an exponential dependence on temperature, since 
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diffusion has an Arrhenius relationship. Combining this with Equation (14), the steady 











To calculate the activation energy from conventional creep tests, tests are conducted 
at a constant load with the temperature varied. Then a plot of ln ε̇ss against 1/T should 
yield a straight line with gradient –Q/Rgas.  
For a given stress, the value of the activation energy is not necessarily constant. A 
typical plot of the activation energies is shown in Figure 3.3.  
 
Figure 3.3 Calculation of the activation energy over a range of temperatures, showing a change of 
activation energy, which indicates a change of mechanism. 
 
At high temperatures, the activation energy is approximately equal to the lattice 
self-diffusion and grain boundary diffusion at low temperatures. This is discussed 
further in §3.2.4.  
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3.2.3 Variable Stress Creep Testing 
In service it is very unlikely that a material will experience constant stress or 
temperature. It is therefore very important that the variable load creep behaviour of a 
material can be predicted. The effect of changes in stress can be investigated by step 
loading, where there is a rapid change in stress, such that any transient effects can be 
ignored. 
A number of hypotheses have been proposed to predict the creep strain for the 
case in which a specimen is subjected to a constant stress for a given time (incurring 
an amount of creep strain), when the stress is changed to another constant value. The 
two most common hypotheses for how the strain rate varies when the load is changed 
are: 
1. Time hardening: this assumes that the material state is defined by the applied 
stress and the time under loading.  
2. Strain Hardening: this assumes that the material state is defined by the prior 
creep strain and the applied stress.  
Fessler and Hyde [78] reported that, for a lead alloy tested at room temperature, 
the strain-hardening prediction was significantly better than time hardening. The 
authors also note that the interaction between creep and plasticity is extremely 
complex. For example, if during a variable load test, the load was increased such that 
the stress was above the yield stress, the dislocation structure of the material changes, 
which would likely impact on the creep response. This information is particularly 
relevant in modelling of materials that undergo creep deformation that does not occur 
under constant stress conditions.  
3.2.4 Creep Theories 
The changes in the activation energy and creep exponent are due to a change in 
creep mechanism. These are briefly discussed in this section.  
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 Dislocation Creep  3.2.4.1
Bailey [79] stated that work hardening and recovery governed the rate of steady-
state creep in dislocation creep theory. When a metal is deformed, the dislocation 
networked is refined, thus the stress required to produce the next increment of strain 








If a metal that has been cold worked is subjected to a high temperature, it will 
soften with time due to recovery. The dislocation network will coarsen, and the flow 







At high temperatures when both recovery and work hardening are taking place, 
the change in flow stress when creep strain increases by a small amount during a small 
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 (18) 
When the steady-state creep condition is satisfied, the flow stress must remain 














This is the Orowan-Bailey equation [80], describing how at high temperature the 
generation and glide of dislocations produce strain hardening, while recovery 
processes, such as climb, allow dislocations to be arranged into a lower energy 
configuration. This produces a change in the sub-grain boundary structure of 
dislocations as creep progresses, eventually producing a homogeneous structure, once 
steady-state creep has been reached, as shown in Figure 3.4, reproduced from 
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Takeuchi [81]. Direct observation of this subgrain dislocation structure has been 
achieved by transmission electron microscopy by many authors [82, 83]. 
 
Figure 3.4 Schematic representation of dislocation structure at various stages (a) after instantaneous 
elastic strain, (b) and (c) during primary creep and (d) during steady-state creep. Reproduced from 
Takeuchi [81].  
Creep deformation takes place by glide of dislocations which can move to a new 
slip plane by dislocation climb to avoid obstacles. This occurs by diffusion and thus 
the activation energy can be interpreted as diffusional processes taking place within 
the lattice. At high temperatures, this is equal to the activation energy for self-
diffusion within the lattice, QSD. At lower temperatures, this becomes increasingly 
difficult, until at approximately 0.4 TM, the rate-determining step is diffusion along 
dislocations. The activation energy for this process, often called ‘core’ diffusion, is 
approximately equal to that of QGB.  
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 Diffusion Creep 3.2.4.2
At lower stresses, deformation takes place by diffusion of atoms. Diffusion creep 
rate increases linearly with applied stress and is therefore much less sensitive to the 
applied stress. It is for this reason that diffusion creep dominates in the ‘low stress 
regime,’ since it has a higher strain rate than dislocation creep at low stress.  
At high temperatures, as discussed in §3.2.4.1, there is enough energy to overcome 
the activation energy for self-diffusion. This means that diffusion can take place across 
the grains in the material, to change its shape, thus producing the creep strain. This is 
called Nabarro-Herring creep, after the people who first formulated the theory [84, 
85]. 
At low temperatures Coble [86] suggested that diffusion along grain boundaries 
would be favoured, as the activation energy for diffusion along grain boundaries is 
much lower than that through the bulk of the grain. The process that sees diffusion 
along grain boundaries at low temperature and low stress became known as Coble 
creep.  
In both of these diffusional processes, the creep rate will increase with decreasing 
grain size. For Coble creep, having a smaller grain diameter means there is a greater 
area of grain boundaries to allow diffusion to occur. In Nabarro-Herring creep, the 
grain boundaries act as sources and sinks of vacancies, the shorter this distance is, the 
greater the concentration gradient across a given grain and thus the larger the creep 
rate.  
 Summary of Creep Mechanisms 3.2.4.3
A summary of the steady-state creep exponent, n, and the activation energy, Q, 
associated with different creep processes is shown in Table 3.1.  
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High > 3 ~QSD 
Low temperature, dislocation 
creep 
~0.3–0.7 TM High > 3 QCORE 
High temperature, diffusion creep 
(Nabarro-Herring) 
Above 0.7 TM Low 1 QSD 
Low temperature, diffusion creep 
(Coble creep) 
~0.3–0.7 TM Low 1 QGB 
Table 3.1 A summary of n and Q values that apply to different creep processes [87]. 
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3.3 Indentation Creep 
Conventional creep tests take a long time, require fairly large samples and are 
destructive. Indentation experiments can be much shorter, do not require as much 
material and can be carried out on a scale that makes them almost non-destructive. 
Thus, indentation could be used to test regions of components in service, which had 
undergone different thermo-mechanical cycling. This is very difficult to achieve in a 
conventional creep test.  
Creep can have a significant influence on indentation experiments, because the 
stresses under the indenter tip tend to be high.  It has been widely reported [88-90] 
that creep during indentation can have a significant effect on the measured elastic 
modulus. Typically, this is overcome by applying a significant hold period at the 
maximum load, to allow the material to ‘creep out’ before unloading, and ensuring 
that the unloading rate is fast. This hold period is now used primarily to study creep 
during indentation. 
3.3.1 ‘Stable Indenter Velocity’ Method 
Conventional creep tests can be run as constant load or displacement tests. The 
same is true in indentation, but constant load tests are much more common, for 
similar experimental reasons as in conventional tests.. The feedback loop required to 
keep the depth of the indenter constant while the load relaxes is very difficult to 
achieve. For this reason, most of the research carried out on creep deformation in 
indentation focuses on the hold period at the maximum load, as shown in Figure 3.5.  




Figure 3.5 Schematic of (a) a load-displacement curve showing continued penetration during a hold 
period at the maximum load and (b) the displacement as a function of time during this hold period. 
The stable indenter velocity method for extracting the creep exponent from 
indentation data involves the assumption that the data from the displacement-time 
plot in Figure 3.5b can be related to a conventional creep curve. The gradient of this 
plot, dδ/dt, is the indenter velocity, which cannot be directly related to creep strain 
rate. Goodall and Clyne [91] described the major assumptions of the method: 
1. A representative and uniform stress exists in the material beneath the 
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2. A representative and uniform strain rate exists in the material beneath the 
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3. All of the deformation that occurs in the hold period is attributed to creep 
deformation. It is also assumed that the creep takes place in the secondary 
state. This allows equation (15), describing the rate of creep in the steady-
state regime, to be manipulated to include these assumptions 















   
   
 (22) 












     
   
 (23) 
This allows a value for the steady-state creep exponent to be calculated from one 
indentation experiment using a plot of ln σr vs ln ε̇r. Alternatively, the activation 
energy, Q, can be calculated using a plot of ln ε̇r against 1/T for a set of indentations 
performed at various temperatures. All of these assumptions are supported by the 
theoretical calculations of Bower et al. [93] who concluded from their calculations, 
both analytical and finite element based, that for materials with n > 5, the loaded 
volume experiences a constant level of representative stress and strain rate.  
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3.3.2 Predictions using ‘Stable Indenter Velocity’ Method 
There have been numerous authors who have published ‘correct’ values of the 
creep-exponent and activation energy from indentation data [94, 95]. Fujiwara and 
Otsuka [96] investigated tin and tin-lead eutectic, obtaining values of the creep 
exponent and activation energy that compared well with values from other sources. 
They found within the tin single crystals a value of the activation energy that agreed 
well with the activation energy for lattice diffusion. Asif and Pethica [97] also found 
good correlation for the activation energy at high temperature for indium 
experimentally they found Q = 77 kJ mol-1 while the literature value for lattice 
diffusion is approximately 75–78 kJ mol-1. It is typical for these studies to compare the 
values obtained to those in literature, rather than  carrying out the uniaxial testing as 
well.  
As discussed in §2.2.5, much nanoindentation work has focused on materials with 
a very fine grain structure, to ensure that a bulk response is achieved. Choi et. al [98] 
carried out the indentation creep method on nanocrystalline nickel, using two 
different tips, Berkovich and spherical. The authors found differing values when using 
different tips, with n-values of over 20 using a Berkovich tip and 1–2 using a spherical 
tip. This led them to assert that the Berkovich ‘may not be the best approach to 
producing reliable creep data’ at least ‘for the nc-Ni tested in this study,’ due to the 
fact that the values produced by this tip could not be explained by classical creep 
theory.  
Maier et al. [99] commented that ‘indentation creep data are commonly analysed 
making the assumption of steady-state creep, which is a good approximation that 
greatly simplifies the analysis.’ The authors reported values of the stress exponent up 
to 77 in ultra-fine grain aluminium and 21 in nanocrystalline nickel. This may have led 
the authors to revisit their assumptions, but no comparisons with conventional creep 
tests, or indeed typical steady-state creep exponent values, were made. 
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Dean et al. [100] compared constant load indentation tests with conventionally 
measured creep properties, for both copper and tin. They reported that the 
indentation-derived values of the stress exponent were not close to the 
macroscopically determined set and that the values obtained from indentation varied 
with indenter shape, maximum applied load, loading rate and hold time.  
3.3.3 Issues with the method 
It has become clear to many researchers that some of the assumptions discussed in 
§3.3.1 are not valid. Many authors [91, 100-103] have reported from finite element 
studies that the stress state, and therefore also strain rates, produced during 
indentation are non-uniform.  
Li et al. [104] recognised that equations for steady-state creep could not be applied 
at short times. They argued that this meant, although they do not apply at the very 
beginning of an indentation test, that after a period of time it could be assumed that 
steady-state creep was dominant. Others also recognised that the neglect of primary 
creep was likely to lead to major inaccuracies [91, 100, 105]. Indeed, as the tests to 
which the method is applied to are often relatively short, a number of hours compared 
to days or months in conventional creep testing, it would seem clear that primary 
creep was likely to have a significant effect on the material response. Even after a 
relatively long hold period, as the indenter continues to penetrate into the specimen, 
new volume of material will constantly be entering the stress field and thus 
undergoing primary creep.  
On application of the method, it is often necessary to fit the data using either a 
power law or logarithmic fit, otherwise the data can be very noisy. Campbell et al. 
[106] investigated this fitting procedure for indents performed with both spherical and 
Berkovich tips. The authors demonstrated that using a power law fit produced 
relatively high and non-physical, values for the stress exponent using spherical and 
Berkovich tips. However, when using a linear fit to the later part of the hold period 
data, it was shown that the value of n obtained would always be 1.0 for a spherical tip 
Chapter 3 - Creep Properties in Indentation 
41 
 
and 0.5 for a Berkovich tip. Reports [107-111] of inferred values which are expected 
from this analysis have commonly been taken to be indicative of diffusional (Nabarro-
Herring or Coble) creep processes.  
Despite the overwhelming evidence that this method is not only unreliable, but 
inherently flawed, there are still different adaptations [103, 112] that persist with the 
trend of manipulating the indentation data in a different way, but not comparing the 
answer with any result measured conventionally. 
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Chapter 4  
 
Experimental and Computational 
Methods 
4.1 Experimental Procedures 
4.1.1 Specimen Production* 
Six metallic materials were used, all extruded rods, obtained from commercial 
suppliers. A coating system was also produced and tested, as described below. The 
extruded rods were aluminium, an alpha-beta brass, an oxygen-free high conductivity 
copper, a low-carbon steel and tin, with respective diameters of 20 mm, 16 mm, 
25 mm, 20 mm, and 9.75 mm. Another material was produced by machining one of 
the copper rods down to 16 mm and annealing it for two hours at 800 °C in a sealed 
ampoule (backfilled with argon) to induce recrystallization. 
The substrate for the superalloy coating system was ERBO-1 single crystal and the 
powder was CMSX-4. Their compositions are presented in Table 4.1, where it can be 
seen that these two alloys have very similar specifications. Degradation of these single 
crystal components, used in industrial gas turbines [113] and aero engines, can occur 
by hot corrosion [114-121]. One possible repair technique is using vacuum plasma 
spraying (VPS) [122]. The VPS is a Plasma Technik facility, with a F4VB gun and a 
nozzle diameter of 7 mm. The powder was injected radially at the front of the nozzle. 
Substrate dimensions were 32 × 20 × 2.5 mm with a hole of 1.1 mm diameter to locate 
a k-type thermocouple. The substrate surface was polished down to a 1 μm finish using 
diamond paste.  
                                                 
*
 Coatings produced by Tobias Kalfhaus, Forschungszentrum Jülich.   
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The substrate temperature was controlled during deposition. This was done largely 
via the use of a 1 kW electrical resistance heater, with a doped Si3N4 element. Due to 
the importance of avoiding substrate oxidation prior to spraying, initial heating was 
carried out using the (H2-containing) plasma plume which provided a reducing 
atmosphere. This was done immediately prior to spraying, with the substrate 
temperature during the process being largely controlled via the heater setting. In the 
work described here, the substrate temperature was held at 1000 °C.  
The plasma power used was 44.4 kW, with a chamber pressure of 50 mbar and 
plasma gas flow rates of 50 l min-1 and 10 l min-1 for argon and hydrogen respectively. 
The stand-off distance was 300 mm and the powder size 22–45 microns.  
The sample was then cut into two, one used in the as-coated condition and the 
other was annealed for a period 6 h at 1315 °C. At the end of this treatment, the sample 
was quenched in a bucket of ice water.  
Alloy 
Composition (wt. %) 
Cr Co Mo Al Ti Ta Hf W Re Ni 
CMSX-4 6.4 9.5 0.6 6.0 0.9 8.5 0.1 8.1 2.9 Bal. 
ERBO-1 6.5 9.6 0.6 5.7 1.0 6.5 0.1 6.4 2.9 Bal. 
Table 4.1 Nominal compositions of CMSX-4 and ERBO-1 alloys. 
4.1.2 Sample Preparation 
For uniaxial compression testing, samples were produced by electrical discharge 
machining (EDM). For the extruded rods, these were in the form of cylinders with 
approximate dimensions of 5 mm height and 5 mm diameter. For the coating, cuboids 
with a length in the testing direction of 2.5 mm (the coating thickness) and a square 
section of side 3.5 mm were machined.  
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For indentation testing of extruded rods, discs of thickness 10 mm were machined 
on a lathe and polished to a finish of 1 μm using an automatic system to ensure that 
the polished face was as parallel as possible to the base. Particular care was needed for 
the annealed copper, due to the fact it was very soft. A work-hardened layer is likely to 
be left from most surface preparation procedures, especially for soft materials. For this 
reason, a prolonged and careful polish on a 0.25 μm cloth was carried out for the 
annealed copper.  
The grain structures of all of the extruded rods were examined, and the etchants 
used are summarised in Table 4.2. As the aluminium grain structure is difficult to 
reveal, an EBSD scan of this material was done to check the grain size.  
Material Etchant 
Aluminium N/A 
Alpha-Beta Brass 960 ml methylated spirit, 20 ml HCl, 50 g 
ferric chloride.  
Copper Rods 960 ml methylated spirit, 20 ml HCl, 50 g 
ferric chloride.  
Low Carbon Steel Marbles Reagent 
 Tin  No etch required 
Table 4.2 Summary of etchants used for each extruded rod.  
Hardness tests were also conducted at defined distances from the centre of the 
extruded rods to the radius. This allowed a quick check for inhomogeneity, and 
calculation of approximate yield stress.  
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4.1.3 Uniaxial Testing 
Conventional uniaxial testing was carried out in compression at room temperature 
(22 °C ± 2 °C) using an Instron 3367 screw-driven testing machine, with a 30 kN load 
cell. Testing was carried out under displacement control at 15 μm s-1, which meant the 
tests took about a minute to reach 20 % strain, while the strain rate was ~10-3 s-1. This 
was taken to be the quasi-static rate, such that the material response would not be 
changed significantly if this rate were increased or decreased substantially. A series of 
tests were performed at different displacement rates to confirm this. Several repeat 
tests were carried out, in both axial and radial directions. The yield stress was 
determined using the 0.2 % offset rule. Both nominal stress and strains were 
converted to true values using the standard expressions. 
T N N(1 )     (24) 
T Nln(1 )    (25) 
As the tests were carried out in compression, the true stress is lower than the 
nominal value. These curves were used for comparison with indentation-derived 
curves.  
Samples were compressed between rigid hardened steel platens, using MoS2 
lubricant to minimise barrelling. In practice, there will always be some friction 
between sample and platen, but the effect is likely to be small. Displacement was 
measured using an eddy current gauge, with a resolution of about 0.25 μm, attached 
to the upper platen and actuated against the lower one. Any error arising from the 
elastic deformation of the platens is unlikely to affect the plastic part of the curve, so 
no compliance calibration was needed. This is not the case for the elastic response of 
the material, and therefore the elastic modulus of each sample was obtained directly 
using an ultrasonic resonance system. 
Conventional creep testing was carried out on the same machine, using a constant 
load, held for 24 hours. The loading period was as short as possible, within the 
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capabilities of the testing machine, to minimise any creep deformation taking place in 
before the hold period. This was always below 5 seconds.  
4.1.4 Indentation Testing  
Indentation tests were carried out on the same testing machine as in the uniaxial 
tests. A spherical indenter of radius 1 mm was employed, made from a WC-Co 
cemented carbide. Tests were carried out at an appropriate loading rate to ensure that 
the test lasted approximately 30 seconds, and five repeats were performed where an 
appropriate amount of material was available. 
The WC-sphere is located in a matching recess, machined using a 2 mm diameter 
ball-nosed end mill, in a stainless-steel housing. The indenter was secured in the 
housing by brazing. The same eddy current, as in the uniaxial tests, was also used to 
measure the displacement, as shown in Figure 4.1. It is also possible to record the 
displacement from the cross-head displacement on the Instron test machine, as long 
as the compliance is accounted for.  
The compliance calibration is necessary to ensure that the displacement 
measurement in the experiment closely matches that simulated in the model. The 
compliance was measured by pushing the indenter into a matched recess, about 
700 μm deep, in a 5 mm thick alumina plate. The recess was created via abrasive 
rotational honing with the same 2 mm diameter WC sphere as used in the tests. It is 
assumed that the compliance from the alumina plate itself is negligible.  




Figure 4.1 Schematic of the indentation testing setup, showing the mesh used in the plasticity FE 
model. 
4.1.5 “Recess Indentation” Testing 
Recess indentation tests were carried out on the same testing machine using a 
2 mm radius WC sphere, mounted in stainless steel housing as in §4.1.4. A recess was 
machined using a 4 mm diameter ball nose end mill to 1 mm depth. The shape and 
depth of the recess was checked using a profilometer, as described in §4.1.6. The 
sample was placed below the indenter, such that the indenter would fit into the recess. 
The cross-head was then set to the slowest speed and lowered into the recess. The 
sample position was carefully adjusted as the cross head was jogged down, to ensure 
that the indenter was as close to the centre of the recess as possible. The loading rate 
was adjusted such that it was as fast as possible, within the capabilities of the testing 
machine, to minimise any creep deformation taking place in the loading period. The 
load was then held at the maximum load for 12 hours, and the displacement 
continuously monitored. This was carried out at two different maximum loads.  
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4.1.6 Surface Topography Measurement 
Residual indent shape, as well as recess shapes and compliance sample shapes, 
were measured using a Taylor Hobson Talysurf profilometer. This uses a contacting 
stylus with a wide-range inductive gauge and 2 μm radius cone recess tip. Scans were 
carried out in two perpendicular directions for each indent or recess, both through the 
central axis. The height resolution of these scans is ~2 μm. Tilt correction functions 
were applied based on the far-field parts of the scan being parallel. The average profile 
from the two orthogonal scans, averaged over all of the indents performed, was used 
for comparison with modelling outcomes.  
4.1.7 Microstructural Examination of Superalloy Coatings† 
Samples were prepared for optical and SEM examination by polishing to 1 μm 
diamond paste and finished with a 50 nm colloidal silica suspension with a pH of 
about 10 which produced an etching effect. SEM images were obtained in BSE mode, 
using an accelerating voltage of 5 kV and a working distance of 3–6 mm, using either a 
Hitachi TM3000 or an FEI Phenom-Pure machine.  
The as coated specimen was cut to a thickness of 0.6 × 0.6 mm with a total height 
of 5 mm, including the substrate. It was then scanned using a Skyscan 1272 X-ray 
micro-tomograph. The resolution was ∼1 μm. Serial sections (in the form of a stacked 
set of radiographs) were imported into ScanIP (software for 3D imaging, visualisation 
and analysis). The radiographs were thresholded to identify regions of empty space 
and those containing material using in-built segmentation algorithms. Surfaces were 
smoothed using a recursive Gaussian filter and the 3D geometry reconstructed from 
the thresholded radiographs.  
                                                 
†
 Optical and SEM examination was carried out by Tobias Kalfhaus, Forschungszentrum Jülich. X-
ray micro-tomograph work was carried out by Mr. Alastair Houston, Dept. of Materials and Metallurgy, 
University of Cambridge.  
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4.2 Computational Issues 
4.2.1 FEM Formulation, Meshing and Boundary conditions 
For the bulk samples, an axisymmetric FE model was employed, with the mesh for 
indentation shown in Figure 4.1. The specimen mesh is refined in the region 
underneath the indenter, and contains 25,000 elements, all second order quadrilateral 
or triangular. In the partition underneath the indenter, quadrilateral elements were 
used. When load-displacement data is required, sensitivity analyses confirmed that 
the mesh was sufficiently fine to achieve mesh-independent results when the top and 
bottom surfaces have 160 seeds, while the other two surfaces of the square have 80. 
When only the residual indent profile is required, the number of seeds required for 
mesh independent results are 100 and 50 respectively, which reduces computational 
time. The indenter is also meshed, with 2,500 triangular elements.. The lower surface 
of the sample is fixed rigidly in place, and the whole sample depth is included. 
Modelling the whole thickness means that the elastic deformation contribution of the 
sample is captured, as well as plastic deformation. The results are not sensitive to 
sample thickness unless it is similar to the diameter of the sphere. The lateral extent of 
the specimen, beyond approximately three indenter diameters is also not important.  
 FEM Formulation for Superalloy Coating System 4.2.1.1
The mesh used is very similar to that described in §4.2.1, but it was adjusted to 
reflect the fact that this system has a substrate and over layer, with their respective 
thicknesses, each of 2.5 mm. 
All material properties were assumed to be isotropic. This is expected to be a good 
approximation for the overlays, since they are all polycrystalline and although some 
texture is expected, EBSD studies indicated it was not strong. The stiffness of this type 
of alloy is highly anisotropic [123, 124], varying from approximately 135 GPa in the 
<100> to 310 GPa in the <111>. For the polycrystalline over layer, a value of 220 GPa 
was assumed. The Poisson ratio in these alloys varies much less, and 0.25 was 
assumed.  
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The substrate here is a single crystal, with two <100> directions lying in the plane 
of the free surface and the third one normal to it. It is clear that it will exhibit 
anisotropy, both elastically and plastically. It was modelled as elastically isotropic, 
with a Young’s modulus of 130 GPa, assuming that the elastic deformation is both 
small and approximately uniaxial in <100>.  
 FEM Formulation for Instrumented (Recess) Indentation 4.2.1.2
The shape of the pre-machined recess was checked using profilometry, as 
described in §4.1.6. The shape was found to conform well to the ideal circular shape, 
although the recesses all had a depth of ~1.1 ± 0.02 mm. This was implemented in the 
finite element mesh, shown in Figure 4.2.  
 
Figure 4.2 Finite element mesh for recess instrumented-indentation, with a recess depth of 1.1 mm.  
4.2.2 Constitutive Laws 
For any approach that involves iterative simulation of a deformation process, the 
material response, whether for plasticity or creep processes, must be characterised 
with a small set of parameter values. For a single simulation, it would be possible in 
the plasticity case to use a set of stress-strain data pairs, and interpolate between 
1.1 mm 
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points, to give the stress-strain relationship over the desired range. However, when 
the objective is to infer an optimal relationship between model and experiment, using 
an arbitrary set of data pairs leaves too many degrees of freedom. For this reason, a 
functional form is required that captures the behaviour with a small number of 
parameters.  
 Plasticity 4.2.2.1
The most common stress-strain relationship is the Ludwick-Hollomon [125] 




K     (26) 
This equation is used as the constitutive law for plasticity in this work.  
 Creep 4.2.2.2












This equation captures both the primary and secondary creep regimes. It assumes that 
the stress exponent is the same in the primary region as in the secondary regime.  
4.2.3 Effect of Interfacial Friction 
The effect of interfacial friction between to surfaces is simulated via a coefficient of 
friction, μ, such that the sliding between the two surfaces requires a shear stress, τ, 
given by 
n   (28) 
Where n  is the normal stress at the interface. The effect of this value was 
investigated, and the value that best fit model and experiment was determined.  
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4.2.4 Model Input Data 
The input data included the isotropic elastic constants of the materials examined, 
as well as those of the cermet indenter. The Young’s moduli were measured directly 
using an ultrasonic resonance system, a "Grindosonic" machine developed by 
Lemmens Elektronica Ltd, full details of which are available elsewhere [126]. In  all 
cases the values obtained were very close to standard handbook values. The elastic 
constants for the cermet were provided from the supplier, Bearing Warehouse Ltd. 
Poisson ratio values were taken directly from handbooks.  
4.2.5 Model Output Data 
The model output depends on which variable is of interest to compare with 
experiment. Table 4.3 outlines the different outputs from the model, the control in the 
model and the variables which are compared with experiment.  
Model Output  Model Control Variable to compare 
Load-Displacement Displacement Control Load 
Residual Indent Profile Load Control y-height as a function of the 
radial position 
Displacement-Time Constant Load Displacement 
Table 4.3 Summary of different data output types used in this work from FEM, the control used in the 
modelling and the variables used to compare model and experiment in each case. 
For the load-displacement data the maximum load and displacement are 
determined from experimental data. The variable used to compare experiment and 
model could be either of these two variables. In this work the model was run in 
displacement control. One hundred data points are outputted at equal intervals of 
displacement and the difference in load between the experiment and modelled cases 
minimised. 
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When the residual indent profile is used, there is no need to measure the 
displacement during the experiment. For this reason, the model is run in load control 
and only the maximum load must be specified. The output from the model is the y-
height of the indent profile as a function of the radial position. 400 data points are 
outputted at regular intervals from r = 0 mm to r = 4 mm. The comparison between 
experiment and model does not run over this whole range, as typically by r = 4 mm all 
of the y-heights are ~0 mm and this skews the fitting parameter. For this reason, the 
fitting parameter is calculated from r = 0 mm until the point where the pile-up has 
returned to within 5 % of the maximum indent depth from the far field zero height.  
 Binned Plastic Strains  4.2.5.1
An investigation was made into how the work associated with any permanent 
deformation during indentation is distributed in terms of prior strain. This gives an 
indication of which regions along the stress-strain (or displacement-time curve) are 
most relevant during a particular indentation. This is repeated for different depths of 
indentation.  
After each increment of strain for each volume element, the stress, incremental 
strain (the strain during a single increment) and prior strain are recorded. The work 
done during that increment can then be calculated (= stress x increment of strain x 
volume) and that increment of work is associated with the strain concerned. The 
increment of work done in the jth volume element during the kth increment can be 
written 
, , ,j k j k j k jW V     (29) 









    (30) 
where the summation is over the total number (M) of volume elements, and the total 
work done is 











   (31) 
with this summation being over the total number (L) of strain increments.  The total 
strain range is divided into a number of sub-ranges (bins) and the work done within 
each bin is then evaluated after a binning operation.  This can be expressed as 
 , , ,bin,
1 1
j Mk L





  (32) 
where fj,k,p is a function ascribed a value of 1 or 0, depending on whether the strain 
associated with the increment of work ∆Wj,k does or does not fall within the range of 
the pth bin.   
Alternatively, instead of binning the work done into strain ranges, it is also 
possible to calculate the ‘average strain’ normalised by the amount of work done as a 
function of displacement. This gives some indication as to how far along the stress 
strain curve that indentation-inferred parameter sets are valid. 
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4.3 Convergence Procedure 
4.3.1 Quantification of the Goodness-of-Fit 
Least squares regression was used to quantify the goodness-of-fit between 
modelled and experimental outcomes. This is popular for optimising a set of model 
parameter values, by quantifying the fit between the modelled values of a scalar 
variable and corresponding expected values. The best-fit parameter values are those 
that minimise the sum of the squares of the residuals, which are the difference 
between experimental and modelled values of the variable. 










   (33) 
Where xi,M is the ith value of the modelled variable, predicted by FEM, and xi,E is the 
corresponding experimental variable. Perfect fit will clearly lead to a value that is zero. 
Since Sresiduals will have dimensions, its magnitude cannot be used to give a universal 
indication of the goodness-of-fit. Therefore a reduced some of squares is used, which 


















Where xav,E is the average of the experimental variable and N is the total number of 
the variables data points.  
For the recess-instrumented indentation, where two values of the maximum load 
were used, the optimiser must target two displacement-time plots. The optimiser 
minimises the sum of squares between the model and experiment (target). To ensure 
that the weighting is not favoured towards the plot with a higher displacement (which 
gives larger sum of squares values) the curves are first normalised by their maximum 
displacement. Therefore, in this section, the reduced sum of squares is defined as 




















Generally, a value of Sred that is less than 10
-3.5 constitutes a good fit of experimental 
and modelled results.  
4.3.2 Optimisation of Parameter Values 
When there is no analytical relationship relating experimental outcomes and the 
parameter values, the best-fit set of values must be determined by iterative 
improvement. This requires a search algorithm, and in this case, the Nelder-Mead 
simplex method [127] was chosen. The procedure employed here is based on the 
implementation by Gao and Han [128], and is built using the Scientific Python and 
Numeric Python packages [129, 130]. This algorithm was chosen because it is very 
versatile in different optimisation problems, and is a non-gradient based algorithm. 
Due to the nature of the parameter space, if the algorithm is in a region a long way 
from the answer, there may be very little change in the Sred value  as the input 
parameters are changed. For this reason, gradient-based methods are not appropriate. 
Various gradient-based methods, available in the Scientific Python, were implemented 
and failed, as an appropriate gradient could not be calculated.  
For a model with m parameters, searching is within an m-dimensional parameter 
space, within which a simplex is defined. This is a polytope with (m+1) vertices, 
therefore a triangle in 2-D, a tetrahedron in 3-D etc. Each vertex corresponds to a 
particular combination of all of the m parameters in the set and the simplex covers a 
range of values for all of these. These points can be expressed as vectors (first rank 
tensors) in parameter space, designated x1, x2, … , xm+1, each of which consists of a set 
of m parameter values. After each iteration, which consists of an FEM run (or set of 
runs), the objective is to “improve” the simplex. This is achieved by replacing the worst 
vertex, the one with the highest value of Sred, with a better point. The search for this 
better point is along a line in parameter space defined by the worst point and the 
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centroid of the rest of the simplex, which is the average position of the remaining 
points, once the worst point has been removed. 
An initial simplex must first be defined. In this case an initial ‘guess’ at material 
properties is made and a simplex is formed by varying each of these individually by 
5 %. Following this, each iteration comprises the following steps. 
1. The values of S are calculated for each vertex and the vertices are ranked, such 
that S(x1) < S(x2) < …< S(xm+1).  The point to be replaced is xm+1.  The centroid of the 







x x  (36) 
This defines the search direction (xcen–xm+1). 
2. Reflection: A trial point is established by reflection of xm+1 through xcen. 
   ref cen cen +1mx x x x  (37) 
where α is a scale factor.  The value of S is calculated for this point.  If 
S(x1) < S(xref) < S(xm), so that xref is of intermediate quality, then xref is accepted, 
replacing xm+1.  Otherwise, the algorithm proceeds to step 3. 
3. Expansion: If S(xref) < S(x1), so that xref is the best point yet, this could indicate 
that the simplex is on an extended downward gradient and an expanded point is 
trialed  
  exp cen cen +1( )mx x x x  (38) 
where β is a scale factor (> α).  The value of S is calculated for this point.  If 
S(xexp) < S(xref), then xexp is accepted, replacing xm+1.  Otherwise, xref is accepted, 
replacing xm+1. 
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4. Outside contraction: If S(xm) ≤ S(xref) < S(xm+1), so that xref is an improvement 
on xm+1, but would become the new worst point, the value of S is calculated for a point 
between xref and xcen, called the outside contraction point.  
   OC cen cen +1mx x x x  (39) 
where γ is a scale factor (< α).  The value of S is calculated for this point.  If 
S(xOC) ≤ S(xref), then xOC is accepted, replacing xm+1.  Otherwise, the algorithm 
proceeds to step 6. 
5. Inside contraction: If S(xm+1) ≤ S(xref), so that xref is worse than all of the 
points in the existing simplex, then the value of S is calculated for a point between xcen 
and xm+1, called the inside contraction point.  
   IC cen cen +1mx x x x  (40) 
where δ is another scale factor.  The value of S is calculated for this point.  If 
S(xIC) < S(xref), then xIC is accepted, replacing xm+1.  Otherwise, the algorithm proceeds 
to step 6. 
6. Shrink: If none of the previous steps are able to improve the simplex, then it is 
shrunk towards the best vertex.  This operation is defined by 
   ' 1j j jx x x x  (41) 
for 2 ≤ j (m+1).  The algorithm then starts the next iteration at step 1. 
The scale factors, α, β, γ and ζ are typically given values of 1, 2, 0.5 and 0.5 
respectively. They can be changed in particular situations, such as optimisation in a 
large number of dimensions, but that was not deemed necessary here.  
The search is terminated when a convergence criterion is met. This can be defined 
as a relative change in S or x from one iteration to the next. In this work, the 




Chapter 5  
 
Extraction of Stress-Strain Plasticity 
Parameters from Load-Displacement 
Data 
5.1 Microstructure 
The microstructures of all of the samples are displayed in Figure 5.1. All of the grain 
sizes are of the order of 50–150 μm, apart from the annealed copper, which has grains 
100–500 μm. For indentation using an indenter with a 1 mm radius penetrating a few 
hundred microns, the deformed volume will contain a large number of grains in all 
cases, and is therefore representative of the bulk mechanical properties.  





Figure 5.1 Microstructure of all extruded rod samples from EBSD for (a) aluminium and from optical 
light microscopy for (b) as-received copper (c) annealed copper, (d) brass and (e) low-carbon steel. 
 
  




5.2 Hardness and Uniaxial Stress-Strain Curves 
Vickers hardness tests were performed to check for inhomogeneity. The results of a 
set of indents performed on each extruded rod, as a function of the radius, are shown 
in Figure 5.2. It can be seen that all of the samples are approximately homogeneous. 
 
Figure 5.2 Vickers Hardness numbers as a function of radial location on transverse sections of extruded 
rod samples. 
Representative uniaxial stress-strain plots in both axial and radial directions, are 
shown for all five metals in Figure 5.3. For copper, both as-received and annealed, very 
little anisotropy is exhibited between the axial and radial directions. For the brass, the 
yield stresses are similar in the two directions, but the work hardening is significantly 
different. For the aluminium, the yield stresses differ slightly, but work hardening is 
similar. For the low-carbon steel, both yield stress and work hardening differ. 
Furthermore, there is no systematic trend regarding which of the two directions is 
harder. It might be possible to rationalize these characteristics in terms of the nature 
and strength of the textures in each case, although this would require further 
characterisation. 





Figure 5.3 Stress-strain plots, from compressive loading in both axial and radial directions, for the five 
homogeneous materials. 
For present purposes, it should just be noted that this set of materials exhibits a 
wide range of plasticity responses, with yield stresses from ~50 to ~600 MPa and 
average work hardening rates (up to ~15 % strain) varying from below 100 MPa 
(aluminium and as-received copper) to well over 1,000 MPa  for the brass. For the 
annealed copper, the flow stress rises by 400 % over this strain range, so the work 
hardening is highly significant, whereas for the aluminium the relative increase is only 
about 20 %. Moreover, the shapes of the work hardening curves vary significantly. 
Such a set of curves provides an excellent test for the reliability of a methodology for 
their inference from indentation data. 
5.2.1 Determination of Yield Stress from Hardness  
The yield stress values determined from HV numbers, obtained via the commonly-
used approximation σY ~HV/3 (with HV expressed in MPa), are in Table 5.1. As may 
have been anticipated, given the approximations used in this expression, the values 
are in the general vicinity for the materials that exhibit relatively little work 




hardening, aluminium, as-received copper and low-carbon steel. However, for the 
other two materials, brass and annealed copper, which work-harden quite strongly, 
they are large over-estimates. This demonstrates that a yield stress obtained from a 
hardness measurement should never be regarded as better than semi-quantitative.  
Material HV-derived Yield Stress, σY (MPa) 
Aluminium 351 
Brass 425 
As-Received Copper 272 
Annealed Copper 143 
Low-Carbon Steel 618 
Table 5.1 Yield stress values calculated using the commonly used expression (σY ~HV/3) to determine 
yield stress from Vickers hardness values. 
5.3 Importance of δ/R ratio for Load-Displacement Data 
As noted in §2.3.1.2, it is possible to produce very similar load-displacement curves 
with different plasticity characteristics. This compensation, observed when lowering 
the yield stress and increasing the work hardening rate, or vice-versa, makes 
predicting stress-strain characteristics from load-displacement data much more 
challenging. One way to overcome this issue is to increase the δ/R ratio. This produces 
much higher equivalent plastic strains in the material, and gives greater sensitivity to 
the work hardening characteristics.  




5.3.1 ‘Target’ Load-Displacement Datasets 
To investigate the effect of this ratio, experimental data of a particular material 
could be used and a convergence procedure carried out on the data to different δ/R 
ratios. However, this could be influenced to some extent by the precision of the 
experimental data. A more direct examination of the sensitives can be undertaken by 
generating a ‘target’ load-displacement curve by running the FE model for a set of 
input parameters and creating ‘maps’ in parameter space of the goodness of fit 
parameter, Sred.  
This has been carried out for two materials, as-received and annealed copper. 
These two materials were chosen because they are the most isotropic of those 
displayed in Figure 5.3, and they show very different yielding behaviour. The axial and 
radial directions were averaged, and the best-fit Ludwik-Holloman parameters were 
obtained using a Nelder-Mead convergence algorithm, with the goodness-of-fit 
between experimental and modelled curves being characterised via the dimensionless 
parameter Sred.  The values obtained here were about 10
-2.76 and 10-4.1 respectively for 
the as-received copper and annealed copper materials, over the strain range 0–15 %.  
While the latter value represents very good fidelity over the strain range of interest, 
the former does not.  This is apparent from the plots in Figure 5.4.  It simply means 
that the experimental stress-strain curve of the as-received copper cannot be 
accurately captured by the Ludwik-Hollomon equation. Since it is just an empirical 
representation, there is no reason why any particular experimental stress-strain 
relationship should in fact conform closely to it. 





Figure 5.4 Experimental uniaxial compression stress-strain plots, in both axial and radial directions, for 
(a) as-received copper and (b) annealed copper. Also shown are the averages of the two directions and 
the corresponding best-fit Ludwik-Hollomon parameters. 
The Ludwik-Hollomon parameters from the macroscopic uniaxial data were used 
as an input to the finite element model. The load-displacement plot obtained from 
these model runs was considered the ‘target’ dataset when building the maps. The 
friction coefficient was fixed at μ = 0.3 throughout, such that it does not make any 
material difference to the maps. The effects of friction and its value are discussed 
further in §5.6. The ‘target’ load-displacement curves for as-received and annealed 
copper are shown in Figure 5.5 





Figure 5.5 Target outcomes generated from FE model for as-received and annealed copper cases. 
The maps are constructed using the same value of nP in the Ludwik-Hollomon 
equation as in the target datasets, to allow maps to be shown in 2-D. These show the 
tendency for good fit, low values of Sred, to be obtained along inclined “ridges” passing 
through the correct solution. This is an example of a compensation effect, as discussed 
in §2.3.1.2. Although 3-D maps could be constructed, showing compensation “planes,” 
it is much more difficult to visualise these and compare the differences between each 
case.  
  




5.3.2 As-Received Copper Parameter Space 
The maps for the as-received copper, for δ/R of 15 % and 40 %, are shown in Figure 
5.6. In both cases, the best fit is σY = 240 MPa, K = 100 MPa, which is the closest set of 
values to the ‘target’ input values in Figure 5.4. The maps demonstrate that going to a 
larger penetration ratio causes the number of points with a low Sred value to decrease, 
and the sharper peak in space implies that there is less scope for ambiguity in the 
answer. In this case, because the target work hardening rate is very low, there is less 
potential for compensation. Although the yield stress can drop, and be compensated 
for by an increase in the work hardening rate, there is little scope for the work 
hardening rate to drop to compensate for a rise in the yield stress. It should also be 
noted that, although “ridges” are seen in these plots, there is a peak along the “ridge” 
that has a much better fit than in other regions.  
 
Figure 5.6 Ranges of Sred in K-σY parameter space (with nP = 0.50) on comparing load-displacement 
data for the target parameter set for as-received copper, with those for other combinations. This is 
shown for (a) δ/R = 15 % and (b) δ/R = 40 %. 




A comparison between the target load-displacement plot and three parameter sets 
from the map are in Figure 5.7. The corresponding stress-strain curve comparisons are 
also included to explain the shape of each load-displacement curve.  
 
Figure 5.7 Load-displacement plots, and corresponding stress-strain plots, comparing the as-received 
copper target outcome with outcomes using different input parameters for (a) two input parameter sets 
that do not produce good overall fits with corresponding stress-strain curves in (b), and (c) an input set 
that produces a reasonably good fit over the whole dataset, with corresponding stress-strain curves 
in (d). 
The parameter sets used in Figure 5.7a have relatively low Sred values for 
δ/R = 15 %, which then increase for δ/R = 40 %. Up to a penetration ratio of 15 %, the 
plots are on top of each other. The plot with the lower yield stress is slightly below the 
target while the high yield stress is marginally above, but the difference between them 
is 1–2 μm in this entire region. After this point, at δ/R ~20 %, the plots begin to 
diverge quite clearly, and thus the Sred values for the deeper indents are much higher. 




This can be understood by looking closely at the stress strain curve in Figure 5.7b. 
Each of the input parameter sets are relatively close to the target stress strain curve in 
the first ~10 %, but as the strain increases, the plots begin to diverge, in a similar way 
to the load-displacement curves.  
The parameter set used in Figure 5.7c has the third lowest value of Sred for 
δ/R = 40 %. The fit for the whole load-displacement curve is reasonably good, but 
there is a constant offset of 4–6 μm.  Comparing the load-displacement with the 
stress-strain curve demonstrates that this input parameter set is actually very close to 
the true answer, which explains the very good fit. On close examination of the load-
displacement plot, the fit over the first 15 % is relatively poor, which explains the high 
Sred value in Figure 5.6a. Of course, for the dataset that most closely matches the 
target, the fit along the entire curve must be good, assuming that the behaviour can be 
accurately represented with the chosen constitutive law.  
  




5.3.3 Annealed Copper Parameter Space 
The maps for the annealed copper, for δ/R of 15 % and 40 %, are shown in Figure 
5.8. The best fit in both cases is at σY = 35 MPa, K = 550 MPa, as this is the locus 
closest to the input ‘target’ parameters. In this case, there is scope for compensation 
both by lowering the work hardening and increasing the yield stress. The maps show 
that there are answers with low values of Sred both above and below the target 
parameters. The benefit of increasing δ/R is not so obvious directly from the maps in 
this case, as both the 15 % and 40 % show significant “ridges” in parameter space. The 
explanation lies in the fact that these two “ridges” occupy slightly different regions of 
parameter space. In the 15 % case, the two extremes of the work hardening lie at 
σY = 0 MPa, K = 1050 MPa and σY = 90 MPa, K = 150 MPa while for the 40 % case, they 
are at σY = 0 MPa, K = 925 MPa and σY = 90 MPa, K = 225 MPa. It is only at the point 
where the fit is good over the entire depth range that the correct set is found.  
 
Figure 5.8 Ranges of Sred in K-σY parameter space (with nP = 0.63) on comparing load-displacement 
data for the target parameter set for annealed copper, with those for other combinations. This is shown 
for (a) δ/R = 15 % and (b) δ/R = 40 %. 
As in the as-received copper case, the sensitivities are best understood by 
comparing load-displacement plots, along with corresponding stress-strain curves. 
Figure 5.9 shows a comparison between the target load-displacement plot and four 
parameter sets from the map.  





Figure 5.9 Load-displacement plots, and corresponding stress-strain plots, comparing the annealed 
copper target outcome with outcomes using different input parameters for (a) two input parameter sets 
that do not produce good overall fits with corresponding stress-strain curves in (b), and (c) an two 
input sets that produce a reasonably good fit over the whole dataset with corresponding stress-strain 
curves in (d). 
In Figure 5.9a, both cases show a low Sred for δ/R = 15 %, which then increases as 
the penetration ratio increases. At the maximum load, the separation between the 
modelled and target curves is 24 μm and 17 μm.   The shape of the load-displacement 
curve can be explained by comparing with the stress-strain curves in Figure 5.9b. This 
illustrates that the inputs are very similar over the first 5 % strain, before diverging. 
Therfore in this case, similar to as was shown for the as-received copper, if the 
penetration ratio is below ~20 %, different parameter sets can predict load-
displacement plots that are indistinguishable.  




The two cases in Figure 5.9c show low Sred values for the larger penetration ratio. 
The difference in displacement between ‘target’ and modelled datasets at the 
maximum load for each case are 7 μm and 6 μm. It is clear from the input stress-strain 
parameters in Figure 5.9d that these are very close to the ‘target’ answer, and there is 
still a measureable difference between the load-displacement outcomes, although it is 
small.  
This emphasises that it is possible to discern a difference between load-
displacement outcomes when using modelled data, as long as a large penetration ratio 
is used. However, to get good agreement between stress-strain curves inferred from 
experimental load-displacement data, the tests have to be carried out very carefully, 
and micron level precision is required.  
 
  




5.3.4 Comparison of different ‘target’ cases 
The maps in each case show rather different results on increasing depth. This is 
due to the different input plasticity parameters and the development of strain during 
indentation. Figure 5.10 shows the equivalent strain beneath the indenter in both 
cases for δ/R = 40 % 
 
Figure 5.10 Equivalent strains under the indenter at δ/R = 40 % for (a) as-received copper and (b) 
annealed copper.  
The equivalent strains in the as-received case are much higher than in the 
annealed case. In some small regions of the as-received case, the strains reach over 
200 %, while in the annealed case the maximum is 65 %. This is in essence why there 
is such a significant change in the Sred maps in the low-work hardening case when 
going from δ/R = 15 % to δ/R = 40 %, compared to the high-work hardening case. Due 
to the nature of the stress-strain curve, only a small increase in the stress in any given 
element, will lead to a large increase in the strain. Thus, the stress-strain curve is 
probed to much higher values of strain in the as-received case, which means there is 
less scope for compensation.  
(a) (b) 




There is more to the issue than just the peak strain levels in each case. An insight 
into how much of the deformation (that influences the indentation response) takes 
place in different regimes of strain can be provided by binning the work done into 
strain ranges, as described in §4.2.5.1. This information is presented in Figure 5.11a for 
as-received copper and Figure 5.11b for annealed copper, at the two penetration ratios 
used in this section.  
 
Figure 5.11 Fractions of the total work done in different ranges of strain during penetration to two 
different depths into (a) as-received copper and (b) annealed copper. 
The trend is very similar in each case. At low depths, the fraction of plastic work 
done is more concentrated in the low strain area of the plot, while increasing the 
depth reduces the fraction of the total work in this region. In load-displacement data, 
if all of the work is concentrated in the first few percent strain, compensation allows 
very different sets of properties to produce very similar plots. Figure 5.11a also 
illustrates that although the peak strains in the as-received copper are very high, the 
fraction of the total work done is in this regime is relatively small. 
Alternatively, this can be shown as the average strain as a function of 
displacement, presented for both parameter sets in Figure 5.12. 





Figure 5.12 Weighted plastic strain (averaged by the work done in each strain range) as a function of 
penetration ratios for copper in both conditions.  
This demonstrates that for materials with a high work-hardening rate, a 
penetration ratio of 40 % is necessary to reach a weighted strain of 16 %. This level of 
strain is of most interest, for most engineering applications. Although the value for a 
material that does not work harden is over 25 % at this penetration ratio, this is not 
deemed too high. If a test were conducted on an unknown material, a penetration 
ratio of 40 % should be used to infer plasticity parameters from load-displacement 
data, due to all the sensitivities discussed in the previous two sections. This gives a 
weighted strain in the range of 15–30 %, depending on the yielding characteristics.  
5.3.5 Summary of FE Modelling Investigation 
The examples in this section demonstrate two key points about predicting load-
displacement behaviour from finite element modelling which could cause significant 
problems when attempting to solve the inverse problem: 
- The δ/R ratio must be relatively large, and definitely greater than ~15–20 %. 
Below this value, it is shown that extremely different datasets, with very 




different input yield stress and work hardening rate values, can produce 
almost exactly the same load-displacement curve. The large value of the 
penetration ratio means that the plastic strains in the sample, especially 
those that do not work harden very much, will be very high. In turn this 
means that there is an inherent assumption that the constitutive law that is 
being used for plasticity can be extrapolated up to such large strains.  
- The second is that experimental measurements must be performed very 
carefully if load-displacement data is to be used. If there are any errors, for 
example either due to an error in the compliance measurement or a work-
hardened layer from mechanical metallographic preparation, the 
sensitivities are such that a prediction of plasticity parameters could be 
significantly wrong.  




5.4  Compliance Calibration 
It would be possible to model the indenter housing, with stainless steel backing 
and a braze layer (although its exact thickness is not known). However, this would 
require a different model for each indentation setup and introduce some unknowns 
into the setup. As demonstrated in §5.3, the load-displacement outcomes are very 
sensitive to small changes in displacement and therefore any unknowns should be 
eliminated if possible. For these reasons it is much more convenient to apply a 
compliance correction to the data, corresponding to the elastic deformation in the 
stainless steel housing and braze layer. This means that the modelling can be applied 
to any indentation system, as long as the compliance has been removed correctly. 
The average of profilometer scans performed through the centre of the recess in a 
5 mm thick alumina disc for the compliance calibration are shown in Figure 5.13, 
alongside a perfect spherical cap recess shape. The shape is broadly captured, however 
the bottom of the recess is deviates from a perfect sphere, as does the region near the 
surface. 





Figure 5.13 Averaged compliance sample recess plotted against a perfect sphere of radius 1 mm and 
depth 0.67 mm for reference. 
The load-displacement data from all compliance calibrations using the eddy 
current sensor is shown in Figure 5.14a. This can be compared with using the 
extension on the machine, in Figure 5.14b. The compliance of the extension is much 
larger than that on the eddy current. This is explained as the eddy current is 
positioned as close to the indenter as possible, while the extension is measured at the 
other end of the loading train. This allows for much larger elastic displacement 
between the indenter and where the extension is measured.  





Figure 5.14 Load-displacement plots for the compliance measurement showing displacement from 
(a) the eddy current sensor and (b) the extension on the machine. 
It is also clear in both plots that initially the plot is not linear and there is a short 
‘bedding down’ period. This is explained by the fact that the shape of the recess is not 
a perfect sphere. Initially the contact area will be changing due to the flat region at the 
bottom and section at the top that does diverges from a perfect shape. This leads to 
non-linear changes in the stress-state in the indenter and therefore a non-linear 
change in displacement. After a load of ~1000 N, the area stops changing as rapidly as 
some elastic deformation has adjusted the recess shape to match the ball more closely. 
The curves were therefore fitted in the linear region, above 2 kN, and the compliance 
of the system determined. This was 4.65 μm kN-1 using the eddy current, and 
23.2 μm kN-1 using the extension.  
If the compliance calibration is carried out correctly, this should produce the same 
load-displacement plot from either displacement transducer, once the compliance has 
been removed.  
5.4.1 Extension vs. Eddy Current 
A comparison between the compliance-corrected load-displacement curve using 
either the eddy current sensor or the machine extension as the displacement 
transducer is in . For present purposes, an indent produced on a superalloy coating in 
§7.3 is used, since this is the indent with the largest load used in the current work. 





Figure 5.15 Comparison of the load-displacement data from the compliance corrected eddy current 
sensor and the compliance corrected machine extension.  
As discussed in §5.4, if the compliance correction is carried out correctly, it should 
not matter where the displacement is recorded. This plot confirms this to be the case.  
 
  




5.5 Indentation Load-Displacement Outcomes 
5.5.1 Indents on Transverse Sections 
The compliance corrected averaged load-displacement plots from the indentation 
tests on the five materials are shown in Figure 5.16. These use the eddy current sensor 
as the displacement transducer.  
 
Figure 5.16 Averaged load-displacement plots for five materials, indents carried out at various radii on 
the transverse section of the extruded rod. 
An example of the microstructure around the indentation after the experiment is 
shown in Figure 5.17. It is clear that several grains have been deformed during the 
indent. Persistent slip bands can be observed in many grains around the indent, 
extending for many hundreds of microns. In many of these grains, even for slip bands 
that are visible because they intersect the free surface at a large angle, there is clearly 
more than one slip system operating. Some grains also have rotated, created 
intergranular steps.  





Figure 5.17 Optical micrograph at the edge of an indentation on as-received copper, showing the 
microstructure around the indentation. 
  
200 μm 




5.5.2 Reproducibility and Radial Indentation 
An example of the reproducibility of the load-displacement data is shown for the 
aluminium case, along with a comparison of indenting in different directions (axially 
and radially) in Figure 5.18. In view of the significant anisotropy apparent in the 
uniaxial stress-strain curves of the low carbon steel, this outcome in Figure 5.18b 
confirms that indentation responses are highly multi-axial. The implication is that 
indentation will lead to inferred stress-strain curves that are some kind of average of 
those obtained uniaxially in different directions. While this may be regarded as a 
limitation in some respects, it does mean that there need be no concern about the 
direction in which indentation is carried out.  
 
Figure 5.18 Load-displacement plots showing (a) the reproducibility of four indentations on 
aluminium, and (b) a comparison between indents performed in the axial and radial directions on low 
carbon steel.  




5.6 Effect and Determination of the Coefficient of Friction 
As discussed in §2.2.6, for indentation with a spherical indenter where the 
penetration ratio, δ/R, is greater than ~20 %, friction has a clear effect. It has a distinct 
impact on the load-displacement and residual indent profile according to finite 
element predictions. This means that it needs to be evaluated in order to extract 
reliable material properties from indentation data. 
The value of μ will depend on the surface roughness of the indenter and sample. 
Since during indentation, new sample surface is created, it is very difficult to measure 
the friction coefficient directly. Although the concept of μ being dependent on the two 
materials in contact is sometimes encountered, there is a general expectation that, 
with the smooth surfaces on the scale of the indenter radius typical of indentation, 
and with fresh surface being created during the process, its value is in fact likely to be 
approximately universal. 
One way to obtain some insights is to run the FE model using a particular set of 
plasticity parameters, for different values of μ, focusing on outcomes that are sensitive 
to it. During indentation, when the penetration ratio becomes large, the equivalent 
plastic strains become very large. These values are typically much larger than can be 
produced (uniformly) during macroscopic uniaxial stress-strain tests. This means that 
when simulating an indent, the stress-strain behaviour measured macroscopically up 
to approximately 15 % strain, must be extrapolated to much larger strains. This was 
done in Figure 5.4 for the as-received copper and annealed copper.  
Using these values, a set of indents were simulated using different values for the 
coefficient of friction. Figure 5.19 shows the frictional work done, as a fraction of the 
total inelastic work, plotted against the penetration ratio for both materials.  





Figure 5.19 Plots of the frictional work as a function of the total inelastic work against the penetration 
ratio for four different values of μ, based on using plasticity parameter values from Figure 5.4 for (a) as-
received copper and (b) annealed copper.  
No frictional work takes place in each case until δ/R reaches a certain value. This 
means that up until some frictional work is registered, no interfacial sliding is taking 
place. This limit ranges from less than 2 % for μ = 0.1 to around 20 % for μ = 0.4.  
For the annealed copper that work hardens rapidly, the levels of frictional work are 
lower, at least with lower μ values.  Such materials tend to exhibit much less pile-up 
than those that do not work harden strongly, and this reduces the contact area, over 
which frictional work is dissipated.  It is not entirely clear how the work done relates 
to the overall effect of the friction on either load-displacement or residual indent 
profile data, but this is likely to be more significant when the frictional work, relative 
to the plastic work, is greater.  There is certainly an expectation from these plots that 
the effect of friction will be greater for larger δ/R, particularly if it exceeds about 20 %. 
To get an estimate of the correct value of μ, load-displacement and residual indent 
profile plots can be compared, between those predicted using modelling and obtained 
experimentally. This comparison is shown for as-received copper in Figure 5.20 and 
annealed copper in Figure 5.21.  





Figure 5.20 Comparisons, for the as-received copper, between experimental data and predicted plots, 
obtained using the plasticity parameters listed in Figure 5.4a and the μ values shown, for (a) load-
displacement and (b) residual indent profile after a maximum load of 2,200 N. 
 
Figure 5.21 Comparisons, for the annealed copper, between experimental data and predicted plots, 
obtained using the plasticity parameters listed in Figure 5.4b and the μ values shown, for (a) load-
displacement and (b) residual indent profile after a maximum load of 1,350 N. 
It is clear in the case of the annealed copper that the sensitivity to friction is low in 
load-displacement and residual indent profile. This would be expected, given the high 
work hardening rate and results from previous work (§2.2.6). Thus, this is not an 
appropriate material to use when attempting to estimate the friction coefficient.  
The as-received copper is much more sensitive to friction in both cases and 
provides an insight into the effect of friction. In the load-displacement up to around 
15–20 %, friction has very little effect on the behaviour. This is interesting in itself 
because sliding begins very early in the cases where μ is below 0.3, as shown in Figure 




5.19, yet the load-displacement plots are the same. Beyond 20 %, values of μ below 0.3 
give poor agreement with experiment. In the profile data, as the friction coefficient 
increases, the amount of pile-up around the indenter in Figure 5.20b decreases. Again, 
as in the load-displacement, values of μ below 0.3 give poor agreement with the profile 
data. There is very little difference on raising μ above 0.3 in both load-displacement 
and profile data, so it can be concluded that a figure of at least 0.3 is appropriate. This 
value is used in the rest of this work.  
  




5.7 Load-Displacement Inferred Stress-Strain Curves 
The results of inferring stress-strain properties from load-displacement indentation 
data, shown in §5.5, are presented in this section.  
5.7.1 Isotropic Materials 
The comparison between the uniaxial macroscopically measured stress-strain 
curves and those obtained from convergence on load-displacement data for the 
annealed and as-received copper are shown in Figure 5.22.  
 
Figure 5.22 Comparisons between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and corresponding indentation inferred plots of the Ludwik-Hollomon constitutive law for 
both copper samples. Indentation inferred parameter values are displayed in Table 5.2. 
The corresponding Ludwik-Hollomon parameters for the indentation-inferred 
cases are shown in Table 5.2. 



















241.1 137.2 0.60 10-4.51 
Annealed 
Copper 
47.9 428.6 0.59 10-4.85 
Table 5.2 Ludwik-Hollomon plasticity parameters inferred from load-displacement indentation data for 
both copper samples.  
The fit between the plasticity properties inferred from indentation data and those 
measured from uniaxial testing is good over the strain range shown. For the as-
received copper, the yield stress and work hardening characteristics are captured well. 
Broadly, this is also the case for the annealed copper, apart from a small region after 
yielding. In this region, where the flow stress inferred from indentation is slightly 
high, the error is slightly above 10 %, while the rest of the curve is within 5 % of the 
macroscopically measured properties. As discussed in §4.1.2, for such soft metals, a 
very careful polish is required and it is difficult to avoid a work-hardened layer at the 
surface. Clearly in indentation this will have an effect, and could explain why in this 
region the prediction is slightly high.   




5.7.2 Anisotropic Materials 
The comparison between the uniaxial macroscopically measured stress-strain 
curves, and those obtained from convergence on load-displacement data for the 
aluminium is shown in Figure 5.23, results for the low-carbon steel and brass samples 
are shown in Figure 5.24. The corresponding Ludwik-Hollomon parameters for the 
indentation-inferred cases are shown in Table 5.3. 
 
Figure 5.23 Comparisons between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and corresponding indentation inferred plots of the Ludwik-Hollomon constitutive law for 
the aluminium sample. Indentation inferred parameter values are displayed in Table 5.3. 





Figure 5.24 Comparisons between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and corresponding indentation inferred plots of the Ludwik-Hollomon constitutive law for 














Aluminium 337.0 114.0 0.65 10-4.12 
Brass 274.0 552.0 0.51 10-3.95 
Low Carbon 
Steel 
515.9 441.6 0.48 10-3.86 
Table 5.3 Ludwik-Hollomon plasticity parameters inferred from load-displacement indentation data for 
both aluminium, brass and low-carbon steel samples.  




It is more difficult in these cases to compare the results inferred from indentation 
data with the uniaxial tests, due to the presence of anisotropy. Nevertheless, the 
indentation inferred stress-strain curves lie between the axial and radial uniaxial tests.  
As shown in §5.5.2, the direction of indentation has no effect on the load-
displacement outcome for low-carbon steel. Therefore, it is reasonable to expect that 
the indentation inferred outcome would be some kind of average between the axial 
and radial directions. There is no clear trend in these three cases. A further 
investigation into the crystallographic texture of the materials may yield some 
information about why the low-carbon steel result is between the two directions, 
while the brass is much closer to the axial direction.  
5.7.3 Nelder-Mead Evolution 
The convergence procedure generally required only a few tens of iterations. Some 
features of the convergence are apparent in Figure 5.25, where it is shown how the 
movement through parameter space took place for as-received copper. The starting 
values were selected in an arbitrary way, and as can be seen, they were not close to the 
optimised values. If the starting point happened to be very close, or differ substantially 
from the optimised set, then that would affect the efficiency of convergence.  





Figure 5.25 Nelder-Mead convergence on an optimal Ludwik-Hollomon parameter set, targeting a 
load-displacement plot from indentation of as-received copper, showing the evolution with iteration 
number of (a) the goodness of fit parameter, Sred, (b) yield stress, (c) work hardening coefficient and 
(d) work hardening exponent.  
A comparison between the experimental load-displacement plot and that obtained 
from iterative FE using the Nelder-Mead search algorithm is shown in Figure 5.26. 





Figure 5.26 Comparison between experimental load-displacement plot and that predicted with the 
optimised set of Ludwik-Hollomon parameters for as-received copper. 
A possible way of finding a starting point close to the true answer would be to run 
a pre-run matrix, similar to the maps generated in §5.3, for a range of n values. This 
would require a large amount of computational time to generate initially, and would 
require different sets for each value of the Young’s modulus. However, this would 
allow a set of parameters to be determined from load-displacement data within 
seconds. The density of points in parameter space for a pre-run matrix would 
determine how close to the true answer a matrix could find. An optimisation 
algorithm such as the Nelder-Mead could then be used to find a better fit, if necessary.  
5.8 Summary 
A methodology focussed on iterative FE has been presented for the extraction of 
stress-strain plasticity properties from instrumented load-displacement indentation 
data. A finite element modelling study on two ‘model’ materials, one with a large work 
hardening rate and one very small, was used to investigate the sensitivities of the load-




displacement plot as an outcome. This revealed that a penetration ratio of 40 % was 
required to achieve the necessary sensitivity to the input stress-strain parameters. A 
consequence of this is that friction will have a significant effect on the load-
displacement curve, especially for material with very low work hardening rates. A 
comparison of model predictions (using experimentally measured stress-strain data as 
an input) and experimental load-displacement data on as-received copper revealed 
that a value of μ = 0.3 was appropriate. 
A set of five different extruded rods were tested in axial and radial directions, with 
two being isotropic and the other three showing some anisotropy. Vickers hardness 
tests across the transverse section revealed that they were homogeneous. Using a 
Nelder-Mead search algorithm and randomly selected starting point, stress-strain 
properties were predicted from load-displacement data. In all cases apart from the 
annealed copper the agreement is very good, within 5 % of the macroscopically 
measured properties. The annealed copper prediction is within ~10 % of the 
macroscopically measured properties. 
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Chapter 6  
 
Extraction of Stress-Strain Plasticity 
Parameters from Residual Indent 
Profiles 
6.1 The δ/R Ratio in Residual Indent Profile Data 
The importance of using a large penetration ratio, when attempting to converge on 
load-displacement data, was outlined in §5.3. This section examines the sensitivities 
when using the residual indent profile. The same procedure and model materials are 
used as previous. The ‘target’ residual indent profiles for as-received and annealed 
copper are shown in Figure 6.1. In contrast to load-displacement data, the specimen 
must be unloaded at a specific load and the profile measured. For this reason, there 
are two ‘target’ datasets for each, corresponding to penetration ratios of approximately 
15 % and 40 %.  
 
Figure 6.1 ‘Target’ residual indent profiles for as-received and annealed copper for (a) penetration ratio 
of ~15 % and (b) penetration ratio of ~40 %.  




What is immediately apparent, apart from the significantly different loads applied 
in each case, is that the pile-up around the indenter (at both penetration ratios) is very 
different in the as-received and annealed cases. The annealed material that work 
hardens significantly shows very little pile-up, since the region that undergoes the 
most plastic strain (at the point where the indenter leaves the surface) becomes much 
harder as deformation proceeds. This prevents the material piling up around the 
indenter. In the low work hardening material, on the other hand, when this region 
deforms to high plastic strain, the flow stress does not increase significantly and 
therefore the material can continue to deform, allowing much higher plastic strains 
can be reached. This means that the material will pile-up around the indenter.   
On comparing Figure 6.1a and b, it can also be seen that, although the depths are 
very different in each case, the shapes of each case at different depths are very similar.  
  




6.1.1 As-Received Copper Parameter Space 
Figure 6.2 shows the maps generated (as described in §5.3) for load-displacement 
outcomes and residual indent profiles, using the as-received copper plasticity 
parameters as the target outcome. The load-displacement map is included for 
comparison purposes.  
 
Figure 6.2 Ranges of Sred in K-σY parameter space (with nP = 0.50) on comparing ‘target’ outcomes for 
the target parameter set for as-received copper, with those for other combinations. This is shown using 
load-displacement outcomes for (a) δ/R = 15 % and (b) δ/R = 40 %, and using residual indent profile 
outcomes for (c) δ/R = 15 % and (d) δ/R = 40 %.  




The outcomes from residual indent profile and load-displacement data 
demonstrate that the scope for compensation in residual indent profile data is greatly 
reduced, creating a sharper peak in parameter space. This has great advantages when 
trying to converge on the best-fit parameter set. In this case, the map for the shallow 
residual indent profile in Figure 6.2c shows a much sharper peak than for the deep 
load-displacement map in Figure 6.2b. This indicates the possibility of using much 
smaller penetration ratios with the residual indent profile and still being able to 
reliably converge on a set of plasticity properties.  
Figure 6.3 illustrates why the residual indent profile has great benefits over the 
load-displacement data, comparing two cases that produced very good fit for the load-
displacement data over δ/R = 15 % (in a and b) and 40 % (in c and d), and the 
corresponding residual indent profiles.  





Figure 6.3 Finite element generated comparison of different input plasticity properties with the target 
outcomes for two input sets that fit the load-displacement well up to δ/R = 15 % (shown in (a)), with the 
corresponding residual indent profiles in (b). Two sets that fit the load displacement well up to 
δ/R = 40 % (shown in (c)), with the corresponding residual indent profiles in (d). 
In both pairs, the load-displacement shows a very good fit over the range 
concerned, and the corresponding Sred value for the residual indent profile is not as 
good. Figure 6.3b and Figure 6.3d have very similar characteristics. The depth of the 
indent is captured relatively well, as could have been determined from the load-
displacement plot, while the pile-up region is where the cases separate. This illustrates 
the sensitivity to the work-hardening characteristics, due to the pile-up region around 
the indenter, that is not as pronounced with the load-displacement data.  For this 
case, from the maps and these comparisons, there is a clear advantage in using 
residual indent profile outcomes.  




6.1.2 Annealed Copper Parameter Space 
Figure 6.4 shows the maps generated using the annealed copper plasticity 
parameters as the target outcome. The load-displacement map is again included for 
comparison purposes. 
 
Figure 6.4 Ranges of Sred in K-σY parameter space (with nP = 0.63) on comparing ‘target’ outcomes for 
the “correct” parameter set for annealed copper, with those for other combinations. This is shown using 
load-displacement outcomes for (a) δ/R = 15 % and (b) δ/R = 40 %, and using residual indent profile 
outcomes for (c) δ/R = 15 % and (d) δ/R = 40 %. 
The pattern is very similar to that shown for the as-received copper in Figure 6.2, 
with the load-displacement plot showing very long compensation ‘ridges,’ while the 




residual indent profile displays a much sharper peak in parameter space. Again, the 
shallow annealed copper residual profile map shows a much sharper peak than the 
deep load-displacement map. This again illustrates how it may be possible to 
determine plasticity parameters using a much smaller penetration ratio using the 
residual indent profile.  
Four examples, two showing very good fits on the load-displacement plot over the 
range δ/R = 15 %, and two over the range δ/R = 40 %, as well as the corresponding 
residual indent comparisons, are shown in Figure 6.5.  
 
Figure 6.5 Finite element generated comparisons of different input plasticity properties with the target 
outcomes for two input sets that fit the load-displacement well up to δ/R = 15 % (shown in (a)), with the 
corresponding residual indent profiles in (b). Two sets that fit the load displacement well up to 
δ/R = 40 % (shown in (c)), with the corresponding residual indent profiles in (d). 




Figure 6.5a shows almost identical fits over δ/R = 15 % for the load-displacement 
plot, while the residual indent profile in Figure 6.5b clearly shows these cases 
separating. Again, this is most pronounced in the pile-up region, since the depths are 
very similar. Figure 6.5c has very low Sred values over δ/R = 40 %, which increase when 
comparing the residual indent profile data. This increase in the fitting parameter is 
due to the fact that there is a ~7 um separation between the target outcome and the 
two predicted sets from the point where the indenter leaves the surface (around 
0.8 mm in the radial direction) up until 1.5 mm in the radial direction.  
6.1.3 Summary of FE Modelling Investigation 
The examples set out in this section, for high and low work-hardening materials 
show that using the residual indent profile, instead of the load-displacement data, 
brings significant benefits: 
- The information provided by the pile-up region around the indent is very 
sensitive to the work-hardening characteristics of the material. Therefore, 
the residual indent profile is much less susceptible to compensation than 
the load-displacement curve.  
- The peak in parameter space for δ/R = 40 % in the residual indent profile is 
much sharper than when load-displacement data are used as the outcome. 
In fact, the peak for δ/R = 15 % using the residual indent profile is sharper 
than the load-displacement peak at δ/R = 40 %. This means that the 
residual indent profile from shallower indents could be used to determine 
material properties.  
- Using a penetration ratio of 15 % rather than 40 % has some significant 
benefits in itself. As discussed in §5.6, friction only begins to have a 
significant effect on the outcome above δ/R ~20 %. If it is possible to infer 
plasticity properties without going beyond this limit then it minimises the 
error in the result due to the uncertainty about the friction coefficient.  
- A lower penetration ratio also means that the equivalent plastic strains 
under the indenter will be much lower. The constitutive law does therefore 




not have to be extrapolated to such high strains, where it is difficult to know 
how the material is truly behaving.  
Finally, there is also great benefit in using the residual indent profile in terms of 
the experimental setup. There is no need to measure the displacement during the 
indentation, or apply a compliance calibration. As discussed in §5.3, the sensitivities in 
the load-displacement plot are such that these measurements must be carried out 
extremely carefully and any small error in the displacement during the indent (or the 
compliance calibration) can lead to incorrect plasticity property predictions. When 
using the residual indent profile, the indenter simply needs to be loaded to a specified 
maximum load and unloaded. It is very similar to a conventional Vickers hardness 
test, but instead of measuring the diameter of the indent, the profile shape is captured 
experimentally. This contains much more information about the deformation than the 
diameter alone.  
Based on the results presented here, the stress-strain properties of the materials 
presented in Chapter 5 were determined using the residual indent profile at 
penetration ratios of ~40 % and ~15 %.  
  




6.2 Indentation Outcomes 
The outcomes at different depths for the five samples are shown in Figure 6.6. The 
samples with the lowest work-hardening rates (aluminium, as-received copper and 
low-carbon steel) show the greatest amount of pile-up, although the applied loads vary 
significantly. The brass shows less pile-up, and the annealed copper shows some sink-
in. These follow the trend that would be expected from the stress-strain properties.  
It is difficult to compare the results at the two different depths, due to the fact that 
the final depths are not exactly the same in each case. Despite this, it is clear that the 
general trend of pile-up and sink-in is the same at each depth.  
 
Figure 6.6 Averaged residual indent profiles for five homogeneous materials, indents carried out at 
various radii on the transverse section of the extruded rod with penetration ratios of (a) ~40 % and 
(b) ~15 %.  
An illustration of the reproducibility of the indents is displayed in Figure 6.7. This 
shows a 16 datasets (4 indents, both scanned in two perpendicular directions) and the 
average.  





Figure 6.7 All 16 raw datasets for the indents performed on aluminium, along with the average curve, 
with a penetration ratio of ~40 %.  
 
  




6.3 Profile-Inferred Stress-Strain Curves 
6.3.1 Isotropic Materials 
A comparison between the uniaxial macroscopically measured stress-strain curves, 
and those obtained from convergence on residual indent profile data, at two different 
penetration ratios (for the annealed and as-received copper) are shown in Figure 6.8. 
For clarity, these are plotted separately. The corresponding Ludwik-Hollomon 
parameters are in Table 6.1.  
 
Figure 6.8 Comparisons between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and corresponding residual indent profile inferred Ludwik-Hollomon parameters for both 
copper samples using a penetration ratio of (a) ~15 % and (b) ~40 %. Indentation inferred parameter 
values are displayed in Table 6.1.  
 





























40 % 241.8 227.5 1.00 10-4.06 
Annealed 
Copper 
15 % 30.9 693.6 0.66 10-3.36 
Annealed 
Copper 
40 % 40.7 489.6 0.60 10-4.96 
Table 6.1 Ludwik-Hollomon plasticity parameters inferred from residual indent profile data at two 
different penetration ratios for both copper samples.  
In the as-received case, both predictions fall within 5 % of the axial and radial 
curves. For this case, even at the lower penetration ratio, the weighted strain 
calculated in §5.3.4 has a value of ~15 %. It is therefore reasonable in this case to apply 
the results over the whole strain range plotted in this figure.  
In the annealed case, at a deeper penetration ratio the prediction is good over the 
whole strain range of interest, and at this depth the weighted plastic strain value is 
~16 %. At the lower penetration ratio, the weighted plastic strain has a value of ~9 %, 
and thus any prediction beyond this cannot be regarded as much more of an 
extrapolation of the Ludwik-Hollomon parameter set, because very few elements in 
the model have actually entered this strain range. The prediction is still slightly too 
hard over this strain range, although still within ~10 %. This could potentially an issue 
with the metallographic preparation of soft specimens.  




An example of the fit between model and experiment for as-received copper at 
both penetration ratios is shown in Figure 6.9.  
 
Figure 6.9 Comparison between experimental residual indent profile and that predicted with the 
optimised set of Ludwik-Hollomon parameters for as-received copper at two different penetration 
ratios. 
  




6.3.2 Anisotropic Materials 
A comparison for aluminium between uniaxial macroscopically measured stress-
strain curves and those obtained from convergence on residual indent profile data, at 
two different penetration ratios,  is shown in Figure 6.10. In this instance, both of the 
inferred curves are locatied between those for the axial and radial directions, and are 
similar to each other. Since this material shows very little work hardening, the 
approximate weighted strain values will be ~12 % and ~25 % for the shallow and deep 
indents respectively.  
 
Figure 6.10 Comparisons between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and corresponding residual indent profile inferred Ludwik-Hollomon parameters for 
aluminium using a penetration ratio of (a) ~15 % and (b) ~40 %. Indentation inferred parameter values 
are displayed in Table 6.2.  
Similar comparisons for the low-carbon steel and brass samples are shown in 
Figure 6.11. The predictions at a larger penetration ratio in both cases fall between the 
axial and radial directions, although the brass is much close to the axial direction. At 
lower penetration ratios, in these cases the weighted strain for the brass is ~11 % and 
low-carbon steel is ~10 %. In this range, the low carbon steel falls between the axial 
and radial directions, although it is slightly harder than prediction from the larger 
penetration ratio. The brass also shows slightly greater work hardening at lower 
penetration ratios, but also the yield stress is slightly lower. The fits in all cases are 
extremely close to the values measured macroscopically.   





Figure 6.11 Comparisons between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and corresponding residual indent profile inferred Ludwik-Hollomon parameters for low-
carbon steel and brass using a penetration ratio of (a) ~15 % and (b) ~40 %. Indentation inferred 
parameter values are displayed in Table 6.2.  
The corresponding Ludwik-Hollomon parameters for all of the indentation-
inferred cases in this section are in Table 6.2. 
























Aluminium 15 % 304.4 208 0.44 10-4.10 
Aluminium 40 % 304.7 151.3 0.35 10-3.83 
Brass 15 % 245.0 657.8 0.46 10-3.83 








40 % 506.7 412 0.48 10-4.43 
Table 6.2 Ludwik-Hollomon plasticity parameters inferred from residual indent profile data at two 
different penetration ratios for aluminium, brass and low-carbon steel samples. 
 
  




6.4 Comparing Load-Displacement and Residual Indent 
Profile Predictions 
As detailed in §5.3, it is not possible to accurately infer plasticity parameters from 
load-displacement data at a penetration ratio below 20 %. However, it is possible to 
compare stress-strain predictions from load-displacement and residual indent profile 
data at a penetration ratio of 40 %. That comparison is in Figure 6.12. All of the 
indentation-inferred stress-strain curves, from load-displacement and residual indent 
profile data, are within 5 % of one another, and in good agreement with the 
macroscopically measured properties over the range.  





Figure 6.12 A comparison between uniaxial experimental stress-strain curves, for both axial and radial 
directions, and stress-strain properties inferred from load-displacement and residual indent profile at a 
penetration ratio of ~40 % for (a) as-received copper, (b) annealed copper, (c) aluminium, (d) brass and 
(e) low-carbon steel.  
 





A methodology utilising iterative FE modelling has been presented for the 
extraction of stress-strain properties from the residual indent profile of spherical 
indentation experiments. A finite element modelling study on two ‘model’ materials, 
one with a large work hardening rate and one very small, was used to investigate the 
sensitivities of the residual indent profile as an outcome. This revealed that the 
residual indent profile is much more sensitive to the stress-strain properties of a 
material than the load-displacement plot. The peak in parameter space for a 
penetration ratio of 15 % using the residual indent profile, was sharper than that at 
40 % penetration ratio using load-displacement data. For this reason, stress-strain 
properties were predicted from two residual indent depths, ~15 % and ~40 %. 
The predictions from almost all of the residual indent profiles are within ~5  % of 
the macroscopically measured properties. The prediction from the shallow annealed 
copper indent is slightly outside this band, but this could be attributed to issues with 
preparing the sample. 
The attractions of using the residual indent profile are clear. The issues in 
acquiring accurate load-displacement can be dismissed, and a much shallower 
penetration ratio gives the necessary sensitivity to the stress-strain properties. This 
shallower penetration ratio means that friction has a less dramatic effect and the 
equivalent plastic strains beneath the indenter are much smaller, such that the 





Chapter 7  
 
Extraction of Stress-Strain Properties 
of Sprayed Over Layers on Superalloy 
Substrates 
7.1 Introduction 
There is keen interest in the degradation of components in gas turbines, 
particularly within and beyond the combustion chamber, relating to turbines for both 
power generation in Industrial Gas Turbines (IGTs) and aero-engines. Materials in 
these environments often require good resistance to creep, but they may also be prone 
to oxidation, cracking, pitting, erosion and other types of damage. This degradation 
[114-121] can be accelerated by certain species, such as NaCl from ingested air and S 
from either the fuel or the air, leading to formation of low melting point compounds 
such as sodium sulphate (Na2SO4). There are industrial drivers towards conditions 
involving greater ingestion of such species as well as higher operating temperatures, 
creating a need for improved understanding of the phenomena involved and for 
practical measures to combat these problems. It is also worth noting that the use of 
single crystal components (such as turbine blades), which has been common for some 
time in aeroengines, has over recent years become more popular in IGTs. 
Components such as blades can be replaced, but this is an expensive and time-
consuming operation. An attractive option is that of repair. This is aimed at removing 
serious defects, such as cracks, and also at replacing metal lost by oxidation, erosion or 
other degradation mechanisms. The deposited material must have very similar 




thermo-mechanical properties to those of the substrate, and must also be very well 
bonded to it, if the repaired component is to perform well. 
There has been extensive work on development of such procedures. In particular, 
laser processing of superalloy powders located on the substrate [131-133], often with 
the specific objective of forming single crystals (epitaxial with the substrate). While 
the outcomes of such studies have often appeared promising, this route does present 
certain problems, often associated with the very high thermal gradients that tend to be 
produced during such processing. Furthermore, porosity levels can be high and in 
general the microstructure is often very different from that of the (directionally 
solidified) substrate. 
Other approaches [134, 135] have involved various kinds of welding or brazing 
operation, using gas combustion or electric arcs as the heat source. These procedures 
tend to create very inhomogeneous structures, and often leave high levels of residual 
stress. There have also been studies [136, 137] of the use of EB-PVD for this purpose, 
although this is a slow process, requiring a vacuum, and is not particularly well suited 
to the creation of relatively thick over-layers. 
A further option is to use a spraying technique, offering the potential for good 
control over coating thickness and microstructure. There has been some work [138, 
139] on cold spraying of superalloy powders, aimed at substrate repair, but in general 
the associated levels of porosity, and the relatively poor bonding between particle 
mean that it is very difficult to create suitable microstructures. However, plasma 
spraying is potentially attractive. This process is widely used to create ceramic 
coatings on components such as turbine blades, particularly for thermal barrier 
purposes. The necessary technology is thus already well established in the turbine 
industry. There is also scope for creating a high substrate surface temperature during 
the process, promoting directional solidification and improving the chances of 
epitaxial growth. 




However, while there has been work [140, 141] on plasma sprayed metallic over-
layers of various kinds. This is typically for oxidation protection, and study of plasma 
sprayed superalloy layers for repair purposes has been limited. Okazaki et al. [122] did 
investigate such repair of CMSX-4, although this was in the rather specialized context 
of compensating for loss of certain elements in order to counter an associated 
reduction in fatigue life, rather than aiming to produce a surface layer with a 
microstructure very similar to that of the substrate. It is therefore timely to undertake 
a detailed study of the potential of this approach, and apply the methods described 
previously to extract the plasticity characteristics of the coatings. 
7.2 Characterisation of Over Layers 
7.2.1 Microstructural features 
SEM micrographs taken from the transverse sections of the two samples are shown 
in Figure 7.1. In the as-sprayed condition, it is clear that the overlay has a large number 
of splats, each containing columnar grains grown through the thickness of the splat. 
The average grain size is of the order of a few μm. The presence of a small amount of 
TCP phase, seen as small while inter-granular precipitates, is clear. These form when 
the cooling rate is slow, as it was for these as-sprayed samples. In general these 
precipitates tend to promote brittle failure and can have a detrimental effect on 
properties. The small amount observed here is not deemed to be a major problem.   





Figure 7.1 SEM micrographs of transverse sections of the overlays for (a) as-sprayed and b) annealed 
samples. 
 The inter-splat porosity can also be seen. The porosity in this sample is shown 
more clearly in Figure 7.2. Figure 7.2a shows that the porosity in the overlayer is 
relatively uniform and a value of 0.6 % porosity was found. This is an extremely low 
value and it is likely that the true porosity is higher than this but cannot be captured 
with a resolution of ~1 μm. The porosity in the substrate, shown in Figure 7.2b, looks 
rather different, and this is due to the interdendritic porosity often found in superalloy 
single crystals [142].  
  
Figure 7.2 Reconstructed X-ray CT scans (a) as-sprayed and b) annealed samples 
(a) (b) 




It is clear from the annealing twins in Figure 7.1a that the annealing treatment has 
produced recrystallization, potentially followed by some grain growth. This produced 
an equiaxed structure, with a grain size between 50 and 100 μm. Some porosity has 
persisted, although due to sintering effects there has been some rounding of individual 
pores. The TCP phase has also almost entirely disappeared, which is consistent with 
the rapid cooling rate that was imposed after the heat treatment.  
The two optical micrographs in Figure 7.3 cover substantial portions of the 
overlayer thicknesses, showing the grain structures are uniform throughout, although 
it is difficult to resolve grains in the as-sprayed case. It can also be seen (at the bottom 
of each micrograph) that the interfacial contact appears to be good, with no evidence 
of excessive porosity or oxide layer in this region.  
 
Figure 7.3 Optical micrographs of transverse sections of the overlays for (a) as-sprayed and b) annealed 
samples. 
It was confirmed that the deformed regions around indents did constitute 
representative volumes. Figure 7.4 shows a transverse section taken through an indent 
in the annealed overlayer, and it is clear that many grains have been interrogated.  





Figure 7.4 Optical micrograph of a transverse section from the annealed sample.  
7.3 Indentation Testing 
Although it would be possible for substrate plasticity to be incorporated into the 
model, due to the strong plastic anisotropy that would be exhibited by the substrate, 
the radial symmetry would be lost and the modelling would need to be carried out in 
3D. In view of the fact that this would increase computing time significantly, and that 
the properties of the over layers were of most interest, it was best to avoid plasticity in 
the substrate. This imposed a limit on the depth to which indentation could be carried 
out. Using trial FEM runs, it was decided that δ could be no greater than about 
250 μm representing about 10 % of the coating thickness. Although in view of the 
sensitivities discussed in §5.3 for load-displacement data, this value is smaller than 
ideal for load-displacement data, it is certainly large enough to infer stress-strain 
properties from the residual indent profile, as shown in §6.1.  
An interesting point for the model assembly used for this particular coating system 
is that for the load-displacement data, the system must be well described, such that 
the elastic deformation of the substrate is at least broadly captured. However, for the 
profile, which is measured after the load has been removed, assuming that there is no 
plastic deformation in the substrate, there is no particular need to model substrate as 




well. In this case, both the substrate and overlayer are modelled to allow comparison 
using each data set, but it is worth noting that this would not be necessary if only 
using the residual profile.  
7.3.1 Inferred Plasticity Characteristics  
An example of a Nelder-Mead convergence can be seen in Figure 7.5, 
demonstrating that convergence required about 60 iterations. A comparison is shown 
in Figure 7.6 between the two stress-strain curves inferred from load-displacement 
and residual indent profile and that measured by uniaxial testing. It is important to 
note that in this case the uniaxial tests are not easy to carry out when sample 
dimensions are constrained to be very small and, for that reason these should not be 
regarded as highly accurate. Nevertheless, the level of agreement is very good. The sets 
of Ludwik-Hollomon parameter values inferred the two different datasets, as well as 
the relevant fitting parameter are shown in Table 7.1.  





Figure 7.5 Nelder-Mead convergence on an optimal (Ludwik-Hollomon) parameter set, targeting the 
load-displacement plot from indentation of the as-coated sample, showing the evolution with iteration 
number of (a) the goodness-of-fit parameter, Sred, (b) yield stress, (c) work hardening coefficient and 
(d) work hardening exponent. 





Figure 7.6 Comparison between stress-strain curves obtained in conventional uniaxial compression 
tests and via indentation, for both sample conditions, inferred from load-displacement plots and from 
residual indent profiles. 
Parameter 
As-Sprayed Annealed 
P(δ) Data δ(r) Data P(δ) Data δ(r) Data 
Yield Stress, σY (MPa) 978 945 1160 929 
Work Hardening Coefficient, K (MPa) 4345 3370 2422 2489 
Work Hardening Exponent, nP (-) 0.63 0.49 0.81 0.57 
Converged Fitting Parameter, Sred (-) 10
-3.83 10-3.98 10-3.91 10-4.11 
Table 7.1 Inferred plasticity parameter values for both samples, for load-displacement and residual 
indent profile datasets. 
It can be seen in Figure 7.6 that both cases do exhibit some work hardening. It 
seems clear that it would not be acceptable to neglect work hardening, which is done 
when estimating a yield stress from Vickers hardness number. In the two cases here, 




hardness values of Hv (0.5 kg) for the as sprayed and annealed material of 542 and 
475 kgf mm-2 with a scatter of around 10 in both cases. Assuming the standard 
relationship discussed in §2.3, σY ~  Hv/3, this leads to values of 1.77 and 1.55 GPa for 
the yield stresses. These are clearly very misleading, and further evidence that 
hardness cannot be regarded as any better than semi-quantitative.  
An example von Mises plastic strain and von Mises stress field at maximum load 
for σY = 1150 MPa, K = 2400 MPa and n = 0.81 is shown in Figure 7.7. It shows that the 
plastic strains in the overlayer range up to about 60 %, with significant regions at or 
above 20 %, which should produce good sensitivity to the work hardening 
characteristics. Stresses below 1 GPa are shown as dark blue, which indicates that the 
stress in the substrate is below this value. The stress is therefore below the yield stress 
of CMSX-4 in the [001] direction [123] and thus it is assumed that no plastic 
deformation did occur in the substrate. The stress level in the indenter is also high, 
around 5 GPa, but this is below the expected yield stress of the cermet used and it was 
confirmed experimentally that it underwent no detectable plastic deformation during 
indentation.  
 
Figure 7.7 Predicted fields of the (a) von-Mises stress and (b) von-Mises strain using plasticity 
parameter values of σY = 1150 MPa, K = 2400 MPa and nP = 0.81 for a δ/R value of 28 %.  
(a) (b) 




 The agreement between experiment and optimised modelled outcomes is shown 
in Figure 7.8. While the parameter sets obtained from load-displacement plots and 
from the residual indent profiles are not identical in either case, they correspond to 
very similar stress-strain curves and are in good agreement with the uniaxial data.  
 
Figure 7.8 Comparison between measured and predicted (a) load-displacement data and (b) residual 
indent profiles, for both sample conditions.  





The methodology outlined in Chapter 5 and Chapter 6 has been applied to 
polycrystalline superalloy coatings on a single crystal substrate. These coatings are of 
interest in view of their potential use for repair of damaged turbine blades. They have 
been investigated in both as-sprayed and annealed states. 
The inferred stress-strain curves were very similar when derived from load-
displacement and residual indent profile, and compared well with those measured in 
uniaxial testing. The annealing operation produced significant softening, although the 
change was mainly in the work hardening characteristics, rather than the yield stress.  
The methodology has considerable potential for testing of materials, including 
coatings, where conventional uniaxial testing is difficult or best avoided. The level of 
confidence in the outcome is considered to be high, particularly when obtained from 
two different data sets. If a hardness number is used to predict a yield stress, it is clear 
that the value would be erroneous, and it would be much more quantitative to apply 




Chapter 8  
 
Extraction of creep properties using 
Instrumented (Recess) Indentation 
8.1 Microstructure 
Tin was used as it has a high homologous temperature at room temperature, 
TH = 0.59, so that it is expected to creep rapidly. The microstructure is shown in 
Figure 8.1. The grain size is of the order of 50–200 μm. To ensure a bulk response, and 
ensure that a reasonable displacement occurs in the hold period, a tungsten carbide 
spherical indenter of radius 2 mm was used in this work.  
 
Figure 8.1 Microstructure of as-received tin, showing grain sizes varying from ~50–200 μm.  
200 μm 
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8.2 Macroscopic Uniaxial Testing 
The plasticity stress-strain curves, carried out in both axial and radial directions, 
are shown in Figure 8.2. There is a small amount of anisotropy, with the yield stress in 
the axial case around 16 MPa and 14 MPa in the radial direction. Creep tests were 
carried out below 14 MPa, to ensure that only elastic deformation took place before 
creep.  
 
Figure 8.2 Stress-Strain plots, from compressive loading in both axial and radial directions, for as-
received tin. 
The strain-time creep curves are shown in Figure 8.3 for three different stresses 
(well below the yield stress) in both axial and radial directions, over 80,000 seconds. 
There are differences between the axial and radial directions, although nothing 
systematic that could be attributed to anisotropy. 




Figure 8.3 Strain-time creep tests on tin, carried out in axial and radial directions, at three stresses 
below the yield stress, for 80,000 s. 
It is important to recognise that these are relatively large creep strains. Assuming 
that volume is conserved and there is no barrelling, the true stress on the specimen 
will drop throughout the test. In typical creep tests, these changes in stress are often 
neglected but strains are in many cases much smaller than in this material. The effect 
is illustrated for the three axial cases in Figure 8.4, which shows how the true stress on 
the specimen varied with time. The drop in the 12 MPa case is most significant (since 
it experience the largest strains) and in this case at the end of the test, the stress had 
fallen to 7 MPa. Clearly, this effect should be taken into account.  




Figure 8.4 Variation of the true stress on the axial specimen as a function of time, assuming no 
barrelling and conservation of volume. 
It is likely that the creep strain rate will never reach a true steady state, simply due 
to the stress constantly decreasing. It would certainly be difficult to attribute a steady-
state strain rate to a particular stress value. For this reason, the strain-time plots were 
averaged and fitted using the Miller-Norton creep equation over the first 
10,000 seconds of the test. The first 10,000 s was used because, after this period, the 
stresses have all fallen significantly. The fit is shown in Figure 8.5, showing that the 
Miller-Norton equation broadly captures the behaviour. This is used as the target 
dataset for the following sections. It should be noted that when large strains are 
created in this way, and perhaps even for other cases, it would be preferable to 
maintain a constant true stress (with automated load control), although there was no 
scope within the present work to do this.  




Figure 8.5 Averaged Strain-time plots and corresponding best-fit curves using Miller-Norton 




, n = 3.25 and m = -0.58.  
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8.3 Recess Indentation 
Recess indentation is very similar to conventional indentation, but with a pre-
machined recess, which matches the shape of the indenter. The benefit of using this 
recess is that the contact area initially is much larger, and therefore the stresses much 
lower. This means a recess indentation can be carried out with very little, or no 
plasticity occurring, as would be the case in a conventional creep test. A comparison 
between the stress state predicted for a conventional indent into the flat surface of tin, 
and that after a recess indentation, is shown in Figure 8.6. The plasticity parameters 
measured from uniaxial testing, shown in Figure 8.2, have been used.  
 
Figure 8.6 The stress-state in tin below the indenter under a load of 160 N for a) a conventional indent 
into a flat surface and b) an indent into a pre-machined recess. 
In the conventional indent into a flat surface, the von-Mises stress reaches almost 
30 MPa, and large regions are above the yield stress of 14 MPa. In the recess-
instrumented indent, the stresses only reach ~13 MPa. For this reason, 160 N was used 
as the maximum load during the recess instrumented indent tests, to avoid any 
plasticity.   
(b) (a) 
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8.3.1 Modelling Sensitivities 
The stress state produced by loading the indenter up to a given load will affect the 
creep response. For this reason, this section looks at the sensitivities of both the recess 
shape and the specimen modulus, which will change this stress state. The contact area 
between the indenter and specimen is very large and therefore friction could also play 
a significant role. The result of changing this value is also investigated.  
The effect of changing the input Miller-Norton creep parameters is also discussed, 
to give some idea of the sensitivity and result of changing each parameter.  
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8.3.2 Recess Shape 
The shape of the recess after machining was nominally 1 mm deep, with a radius of 
2 mm. This was checked using a stylus profilometer. An example is shown in Figure 
8.7 alongside a perfect sphere of 2 mm radius and depth 1.12 mm.  
 
Figure 8.7 Two scans on a tin recess, before testing, with a fitted circle depth 1.12 mm and radius 2 mm.  
This shape was implemented in the modelling, as described in §4.2.1.2. An 
investigation to determine the sensitivity of the outcome to the depth of the recess, 
assuming that it has a perfectly spherical shape with radius 2 mm, is shown in Figure 
8.8. For this investigation, the load was fixed at 160 N, coefficient of friction fixed at 
μ = 0.3 and the Miller-Norton parameters were taken from Figure 8.5. As would be 
predicted, the deeper the recess, the greater the contact area and the lower the stress, 
producing a smaller displacement during the hold period.  




Figure 8.8 Displacement-time plots generated from finite element modelling during the hold period, 
with a fixed load and μ = 0.3, showing the effect of changing the recess depth from 1 mm to 1.2 mm.  
It is clear from the sensitivity shown here that the recess depth must be captured 
well in the modelling. Indeed, if the nominal depth of 1 mm were used in modelling, 
rather than the true depth of 1.1 mm, it would produce a significant error.  
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8.3.3 Young’s Modulus  
Variation of the modulus of the specimen was investigated keeping the depth of 
the recess constant (1.1 mm), the Miller-Norton parameters from Figure 8.5 and the 
coefficient of friction fixed at μ = 0.3, with a maximum load of 160 N.  
 
Figure 8.9 Displacement-time plots generated from finite element modelling during the hold period, 
with a fixed load, μ = 0.3 and a recess depth of 1.1 mm, showing the effect of changing the specimen 
modulus. 
It is clear from Figure 8.9 that the result is not sensitive to the modulus of the 
specimen. The stress state under the indenter is not affected significantly by a 20 % 
change in the modulus, leading to displacement-time plots that are almost 
indistinguishable.  
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8.3.4 Interfacial Friction 
As discussed in §5.6, friction has a significant effect on conventional plasticity 
instrumented indentation, at large penetration ratios. The effect of interfacial friction 
during the hold period of a recess-instrumented indent is shown in Figure 8.10. It is 
clear that ignoring friction (μ = 0) would produce a significantly different result from 
using a value of, say, μ = 0.3. Increasing the value of the coefficient above 0.3 does 
have a small effect, but above this value the result begins to approach a ‘limiting’ 
curve, corresponding to no frictional sliding taking place, as with plasticity.  
 
Figure 8.10 Displacement-time plots generated from finite element modelling during the hold period, 
with a fixed load, E = 42 GPa and a recess depth of 1.1 mm, showing the effect of changing the 
coefficient of friction. 
Throughout Chapters 5–7, the value of the friction coefficient 0.3, and increasing 
the value further did not make a significant difference in conventional spherical 
indentation on a flat surface. It is assumed in this section that μ = 0.3 is the correct 
value, but recognised that it could be higher, and that in this case that could make a 
(small) difference to the predicted properties.  
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8.3.5 Miller-Norton parameters 
The sensitivity to the Miller-Norton parameters is investigated in Figure 8.11, where 
each of the parameters is increased by 10 % relative to the ‘target’ macroscopic set.  
 
Figure 8.11 The effect on the displacement-time plot of changing the Miller-Norton parameters 
individually by 10 %. Showing the effect of changing (a) the creep exponent, n, (b) the Miller-Norton 
multiplier, C, and (c) the time-exponent, m. 
A change of 10 % in the C value only increases the displacement time plots (at both 
loads) by a small amount, while increasing the n value has a more distinct effect. It 
increases the final displacements in both cases, but the difference is greater for the higher 
load case, due to the higher stresses generated in the material at higher loads. Finally, the 
m parameter changes the curvature of the plots meaning that over time the displacement 
diverges from the reference case. As the m value becomes more negative, the 
displacement-time plot has a lager curvature, while a value of m = 0 would produce a 
straight line. 
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The outcomes of the displacement-time plot are very sensitive to the m and n values. 
Since these two parameters are both exponents, it is not surprising that changing them 
has a much more significant effect than changing the multiplier, C. It is also demonstrated 
in Figure 8.11c that changing the n-value has a more distinct effect at higher loads. It 
might be expected that by using two different loads in the experiments, the sensitivity in 
finding the n-value is improved.  
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8.4 Inferred Creep Parameter Values 
The starting point used in the optimisation was the ‘target’ set found from the 
macroscopic testing. A comparison between experiment and this first prediction is 
shown in Figure 8.12. The agreement between the two is not particularly good, with 
both of the predictions below the experimental plot. The reduced sum of squares, Sred, 
has a value of 10-1.67, which is relatively poor.   
 
Figure 8.12 Comparison between the displacement-time curves at two different loads measured 
experimentally and those predicted by finite element modelling, with the best-fit macroscopic Miller-
Norton values used as input values.  
The evolution of the fitting parameter, along with the Miller-Norton creep 
parameters, as a function of iteration number, is displayed in Figure 8.13.  




Figure 8.13 Nelder-Mead convergence on an optimal (Miller-Norton) parameter set, targeting the 
displacement-time plots from indentation on tin at room temperature, showing the evolution with 
iteration number of (a) the goodness-of-fit parameter, Sred, (b) the Miller-Norton coefficient, C, (c) the 
time exponent, m, and (d) the steady-state exponent, n.  
The comparison between the ‘target’ macroscopic parameter set and those inferred 
via indentation testing is shown in Table 8.1. The comparison using these parameters, 
and the three stresses that were used experimentally, are displayed in Figure 8.14. The 
fit between the two sets is good, especially when considering the difference between 
the axial and radial directions in Figure 8.3 and that just fitting the Miller-Norton 
parameters to the macroscopic data does not yield a perfect fit, as in Figure 8.5. 




Figure 8.14 Comparison between the macroscopically measured creep properties, averaged from the 
axial and radial directions, and the indentation inferred creep properties at the same stresses. 
Parameter ‘Target’ Macroscopic Set Indentation Inferred 
Miller-Norton Coefficient, 
C (MPa-n s-(m+1)) 
6.73E-7 8.97E-7 
Steady-state creep 
exponent, n (-) 
3.28 3.03 
Time Exponent, m (-)  -0.58 -0.53 
Converged Fitting 
Parameter, Sred (-)  
10-1.67 10-4.48 
Table 8.1 Comparison between the ‘target’ set of Miller-Norton parameters determined from 
macroscopic creep testing, and the indentation inferred set.  
The changes in Miller-Norton parameters from start to end of the optimisation are 
relatively small, while the goodness-of-fit parameter is much lower. It is clear from the 
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small change in these values that the displacement-time plot is very sensitive to the 
Miller-Norton parameters, as was also shown in §8.3.5.   
A comparison between the optimised displacement-time plots and the 
experimental data is shown in Figure 8.15. The fit is very good, as would have been 
expected from the low value of the misfit parameter.  
 
Figure 8.15 Comparison between the displacement-time curves at two different loads measured 
experimentally and those predicted by finite element modelling, with the indentation optimised Miller-
Norton values used as input values.  
The range over which these results are applicable is difficult to quantify. To give an 
idea of how the indentation results relate to macroscopic testing, Figure 8.16 shows the 
stress field and equivalent creep strain field at the end of the hold period, for each load. 




Figure 8.16 Outcomes at the end of the hold period from the converged set of Miller-Norton 
parameters showing (a) von-Mises stress field for 160 N, (b) equivalent creep strain for 160 N, (c) von-
Mises stress field for 140 N (d) equivalent creep strain for 160 N. 
As would be expected, the stresses are slightly higher in the 160 N case, compared 
to the 140 N case. In the same way, the creep strains are higher in the higher load case 
and the field extends further into the sample. During the 12 hour hold in the 160 N 
case the stresses relax from ~13 MPa, shown in Figure 8.6b, to ~ 7 MPa, shown in 
Figure 8.16a. During this time, a significant region under the indent incurs ~12 % creep 
strain and a much larger region undergoes at least 2 % creep strain, while the 
maximum creep strain reached is 38 % in a very small region. Therefore, during the 
hold period it is clear that a large range of stress and strain states are probed. This 
covers a significant part of the range of stress and strain during the first 
10,000 seconds of the macroscopic tests. Clearly, the result will be very sensitive to 
the first few percent creep strain and so ignoring primary creep would lead to large 
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Macroscopic (compression) creep tests were carried out on a tin sample in axial 
and radial directions, below the yield stress. A recess was machined using a 4 mm 
diameter ball-nosed end mill and the shape of this checked using a profilometer. A 
sensitivity analysis of instrumented recess indentation showed that the modulus of the 
specimen was not an important input to the FE model, at least within 20 % of its true 
value. The recess shape was input exactly after measuring using a surface profilometer. 
There was a very high sensitivity to the coefficient of friction, which was assumed to 
take a value of 0.3 as in Chapters 5-7. 
Recess instrumented indentation tests were carried out at two different loads, and 
an optimiser found the best-fit Miller-Norton creep parameters to match the 
experimental data with FE model. These parameter values inferred from indentation 




Chapter 9  
 
Conclusions 
9.1 Stress-Strain properties from Load-Displacement Data 
- The methodology of iterative FE simulation of the indentation process, with 
systematic comparison between experimental and predicted outcomes can 
be used to infer stress-strain properties from load-displacement data. It is 
necessary to use a constitutive law, with the objective being to determine 
the parameters in the equation.  
- In order to obtain outcomes that are reasonably sensitive to the work 
hardening characteristics, relatively deep indenter penetration is required. 
A study on modelled load-displacement data illustrated the penetration 
ratio should ideally be ~40 %, in order to give the sensitivity to the plasticity 
properties that is required.  
- When the penetration ratio is larger than ~15 %, the friction coefficient is a 
further parameter that needs to be included in the simulation. It has been 
demonstrated that neglect of friction will introduce a significant error, 
when the penetration ratio is above ~20 %. It has been shown here that a 
value of μ = 0.3 (or above) is appropriate.  
- The requirement to use relatively large indenters, to ensure a bulk 
indentation response, and thus large loads, means that many ‘nano-
indenter’ systems are not well suited to this methodology.  
- It is important that the conditions during indentation, particularly the 
displacement measurements, should closely reflect those simulated in the 
FE model.  Meshes that could be used universally should only incorporate 
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the sample, the dimensions of which are not important as long as it is not a 
thin coating layer, and the lower half of the indenter, which allows the 
stresses in the sphere to be monitored. This requires a compliance 
calibration to be applied to the load-displacement data. This should include 
the compliance of the housing, and the upper half of the indenter. Typically 
this will only constitute a small correction, as long as the displacement 
transducer is located close to the indenter. As shown here, if the 
displacement is measured using the extension on the machine, the 
compliance is much larger. However, if this is accounted for correctly, the 
compliance corrected load-displacement curve is independent of where the 
displacement was measured.  
- The methodology has been applied to 5 different metals, all in the form of 
extruded rods. Conventional uniaxial (compressive) testing revealed that 
they cover a wide range of plasticity characteristics. Some of them exhibit 
noticeable anisotropy. It is shown that, for all of these materials, the 
procedure allows these characteristics to be obtained, solely via load-
displacement data, with good fidelity, ~±5 % over the complete strain range 
of interest, up to ~15 %. It should be noted, however, that indentation 
responses are highly   multi-axial and will lead to inferred stress-strain 
curves that are some combination of those obtained uniaxially in different 
directions. 
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9.2 Stress-Strain properties from Residual Indent Profiles 
- Stress strain properties can be inferred from residual indent profiles of 
indentation experiments. It is still necessary to use a constitutive law, with 
the objective being to determine the parameters in the equation.  
- A study on modelled residual indent profile data demonstrated that a 
penetration ratio of ~15 % is large enough for good sensitivity to the work 
hardening characteristics of the material. This is in contrast to load-
displacement data, which requires a much deeper penetration ratio to 
achieve the necessary sensitivities. This lower penetration ratio has several 
advantages, notably that the result at lower penetration ratios is less 
sensitive to the friction coefficient and produces lower equivalent plastic 
strains in the material. The experiment is also much easier to carry out 
accurately, with no need for a compliance calibration.  
-  The methodology has been applied to 5 different metals, all in the form of 
extruded rods, using indents at two different penetration ratios, 15 % and 
40 %. All of the predictions are within 10 % of the macroscopically 
measured properties, and most within 5 %.  
- The comparison between stress-strain properties inferred from load-
displacement or residual indent profile datasets at a penetration ratio of 
40 % are within 5 % of each other.  
- This method was applied to a superalloy coating system, and the 
comparison between uniaxial stress-strain and indentation inferred results 
was very good.  
- It is a simple and clear method. The is straightforward, using a large 
indenter and minimal metallographic preparation. The indentation inferred 
stress-strain curve could be determined within minutes if a pre-run matrix 
(at specific loads) of Ludwik-Hollomon parameters was generated for each 
Young’s Modulus. For these reasons, this method could be widely applied, 
without the need for uniaxial mechanical testing, which is not possible in 
some situations.  
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9.3 Creep Properties using Recess Instrumented 
Indentation 
- A methodology focused on iterative finite element modelling was presented 
to extract creep properties from recess instrumented indentation data, using 
the Miller-Norton constitutive creep law. A pre-machined recess aids in 
keeping the stress during indentation below the yield stress. 
- The sensitivities in the model were investigated and it was shown that the 
displacement-time plot is very sensitive to the coefficient of friction 
between the indenter and the specimen. This value was fixed at μ = 0.3 as in 
previous sections, but it must be recognised that, as the result is very 
sensitive to this value, it should be investigated further. The modulus of the 
specimen was not important and although there was some variation with 
the recess depth, this can be measured accurately using a profilometer.  
- The indentation inferred set of properties compares well with the 
macroscopically measured set, over the strain-time range of interest. In the 
case studied here, the material creeps very quickly and therefore a constant 
load setup does not maintain a constant true stress, which must be kept in 
mind when examining the macroscopic results.  
- Convergence on the optimum set took just over 100 iterations, although the 
starting point was relatively close to the converged set. The final fit between 
model and experiment, at both loads used, was very good.  
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9.4 Future Work 
There is scope for significant future work in the area of mechanical properties from 
indentation data. Based on the results presented in this work, it is clear that for stress-
strain properties the residual indent profiles have great benefits over the load-
displacement data. An investigation as to how shallow an indent could be and still 
provide the necessary sensitivity to the stress-strain properties (while still producing a 
bulk response) seems like a logical next step, especially when considering that friction 
would have an even smaller effect. Another area of interest would be to investigate 
residual stresses, using the residual indent profile. 
For extraction of creep properties from indentation data there is significant scope 
for more definitive experimental data. Although the results presented here are 
encouraging, there is a need for the process to be carried out on many more materials 
and preferably at temperatures where creep is relevant to industry. It would also be 
useful to determine exactly how the indentation-inferred properties relate to the 
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